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1. Abstract 

Polymer Electrolyte Membrane Fuel Cells (PEMFC) having high power density and low 

degradation are considered a viable option for future emission free mobility.  In order to 

minimize the noble metal demand, platinum nanoparticles supported on a highly 

conductive carbon black are used as catalysts. Yet, the sensitivity of carbon based 

support materials to oxidation is one of the major causes of PEMFCs performance 

degradation. A stabilized support can increase the fuel cell life time. In this work the 

feasibility of corrosion resistant metal oxide based support materials for the noble metal 

nanoparticles in the PEMFC cathode have been investigated and compared with a 

widely used carbon black support.  

Potential non carbon supports need to provide high surface area, high electronic 

conductivity and stability towards the acid environment at the potentials encountered at 

the fuel cell cathode under steady state and transient conditions. The pure (semi) 

conducting metal oxides are stable but their electronic conductivities are not high 

enough to be used as support for noble metals in PEMFC. Appropriate amount of 

doping in metal oxides can increase the electronic conductivity to the desired level. In 

this contribution, an antimony doped tin oxide (ATO) support material has been 

developed which has reasonable electrical conductivity (0.7S/cm) and surface area 

(50m2/g). 

A robust process to synthesize supported platinum nanoparticles is needed to 

investigate the influence of support materials to the catalyst performance and stability 

which are highly dependent on platinum particle size and size distribution. A robust 

synthesis process of Pt nanoparticles of <5nm particle size has been developed by 

modifying the well-known polyol process. The modified process is very successful in 

depositing Pt nano-particles of comparable size and narrow size distribution on all types 

of supports which have been investigated.  

An annealing condition for the supported catalysts was developed since it can improve 

catalyst stability and activity by recrystallization of the smaller particles. Both of non-

annealed and annealed supported catalysts have been characterized. Pt-particle sizes 

were estimated by XRD (TEM in some cases) and noble metal contents were 

determined by ICP-OES measurement. Electrochemical characterizations were done to 

measure the electrochemical surface area (ECSA) via cyclic voltammetry, Oxygen 

reduction reaction (ORR) activity via rotating disk electrode, Pt corrosion via load 

cycling and support corrosion via potential cycling.   
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Improved corrosion resistance properties compared to the traditional carbon black 

support under accelerated stress test (AST) condition have been obtained from the ATO 

supported catalyst. It has been found in this work that the Pt corrosion not only depends 

on the particle size of Pt but also the types of supports.   

Finally, the catalysts were processed to membrane electrode assembly (MEA) to carry 

out single cell performance tests by measuring the current-voltage curves at defined 

operating conditions. It has been found that it is impossible using the same MEA -

manufacturing conditions for all types of supported catalysts to achieve the optimum 

performance. Especially the optimum ionomer content on the catalyst layer is very much 

dependent on the surface area of the support materials. Low surface area supported 

catalyst need lower amount of ionomer in the catalyst layer and vice versa.  In this work, 

impedance spectroscopy (EIS) which is an important tool of digenesis of fuel cell 

performances has been used to explain dependency of ionomer content on the cathode 

catalyst layers. The optimized single cell performances of the CB supported catalyst 

proved to be comparable to a commercially available catalyst from Tanaka. However, 

lower performance of the single cell with ATO supported catalysts has been found. This 

can be explained by catalyst-support interactions and low electronic conductivity of the 

pure ATO-based catalyst layer. It has also been shown in this work that the single cell 

performance of ATO supported catalyst can be improved by using an additional 

conductive layer on the top of the catalyst layers.        
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2. Introduction and aim of the thesis 

2.1. Fuel Cell 

A fuel cell is a device that generates electricity by electrochemical reaction. Every fuel 

cell has two electrodes, one is positive (the cathode) and the other is negative (the 

anode). The reactions that produce electricity take place at the corresponding 

electrodes. To operate at a sufficient rate, each electrode needs a catalyst. A fuel cell 

also needs an electrolyte, which carries ions from one electrode to the other. There are 

a number of different types of fuel cells which can be characterized by their particular 

electrolyte, for example, Polymer electrolyte membrane fuel cell (PEMFC), Solid oxide 

fuel cell (SOFC), Phosphoric acid fuel cell (PAFC), Molten carbonate fuel cells (MCFCs) 

and Alkaline fuel cells (AFCs) [1]. Different types of fuel cells operate at different 

temperatures and on a variety of fuels, including both gaseous fuels such as hydrogen, 

natural gas, propane and purified biogas, to liquid fuels such as methanol, aqueous 

ammonia etc. Low temperature fuel cells require pure hydrogen, whereas high 

temperature fuel cells can operate directly on hydrocarbon fuels such as natural gas. A 

brief introduction of PEMFC will be discussed here as this work is mainly focus on its 

components.   

2.2. Polymer electrolyte membrane fuel cell (PEMFC) 

In PEMFC, a hydrated acidic polymer membrane is used as the electrolyte.  Depending 

on their operating temperature, PEMFC can be sub divided in to low temperature 

PEMFC (operates below 100°C) and high temperature PEMFC (operates up to 200°C). 

In both types of PEMFCs, hydrogen gas is passed into the anode which is then 

converted into hydrogen ion by releasing electrons (oxidation reaction) which are 

passing through an external circuit to the cathode. Hydrogen ions produced at the 

anode are transported through the electrolyte membrane and combine with oxygen and 

electrons at the cathode to produce water. The electrolyte plays a key role here. Ideally, 

it must permit only the appropriate ions to pass between the anode and the cathode. If 

other substances are transported through the electrolyte, they could interfere with the 

electrochemical reactions.  The reactions occur in PEMFC are: 

 

										 ∶ 2 → 4 	 4 	 

	 ∶ 	 4 	4 		→ 		 2 	 

∶ 	2 	 		→ 		 2  
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Figure 1 shows a schematic of PEMFC.  

 

Figure 1 : Scheme of a polymer electrolyte membrane fuel cell [2] 

 

2.3. PEMFC components 

The heart of a PEM fuel cell is the membrane electrode assembly (MEA), which 

includes membrane, catalyst layers, and gas diffusion layers (GDLs). Figure 2 shows 

the components of fuel cell with one repeating unit.  

 

Figure 2 : Fuel cell components [3] 
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Membrane 

Nafion® is a widely used membrane for PEMFC application.  It is a copolymer from 

tetrafluoroethylene and ether bound sulfonated sidechain. It was discovered in the late 

1960s by Dr.Walther Gustav Grot of DuPont de Nemours. The material is generated by 

co-polymerization of a perfluorinated vinyl ether comonomer with tetrafluoroethylene. 

Nafion® is the prototype of a whole class of polymer perfluorinated Sulfonic Acids 

(PFSA). The chemical structure of Nafion® is shown Figure 3.  

 

Figure 3: Chemical structure of Nafion® [4] 

The hydrophobic Teflon backbone of the polymer gives Nafion® exceptional chemical, 

mechanical and thermal resistance. The sulfonate groups in Nafion® is hydrophilic can 

swell and change size/shape with water uptake, eventually forming a continuous 

network, and allow water and proton/ion transport. Proton conductivity takes place via 

diffusion using water as proton carriers in the sulphonated PEMs. Water molecules act 

as vehicles and form H3O
+ ions for carrying H+ ions to diffuse across the membrane via 

ionic -SO3- group aggregated regions [5]. 

The equivalent weight (EW) and material thickness are used to describe most 

commercially available membranes. EW is defined as the weight of Nafion® in terms of 

molecular mass per sulfonic acid group. EW is strongly affects mechanical and 

transport properties of the polymer. Increasing EW (decreasing sulfonic acid group 

concentration) improves mechanical properties, but decreases proton conductivity.  

Nafion® of EW of 1100 is typically used in PEM fuel cell applications since it has a 

reasonable balance of proton conductivity and mechanical strength. A commercially 

available Nafion®, N112 indicates a material with 1100 g EW and 0.002 inches (51µm) 

in thickness. The N denotes that the membranes are extruded films. Nafion® 112 

nowadays is considered too thick for the use in high power fuel cells. Modification of 

Nafion® membrane with high mechanical strength porous fiber films such as porous 

polytetrafluoroethylene (PTFE) is recently developed. This is known as fiber reinforced 

Nafion® composite membrane. The ultrathin reinforced Nafion® composite membrane 

(Gore-Select membrane) was first fabricated using PTFE thin film of high mechanical 

strength as a supporting material for impregnating with Nafion® or other PFSA ionomer 

dispersions [5]. The major advantages of these types of membranes are their increased 

mechanical strength and that they can be cast as an ultrathin layer compared to the 
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extruded Nafion® membrane. Although their ionic conductivities are lower than the free 

standing Nafion® membrane, the reinforced membranes of 10 µm – 15 µm thicknesses 

made from cast films are the state of the art of LT-PEMFC.  

Catalyst layers 

A thin layer of catalyst is either added on both anode and cathode sides of the 

membrane or onto the Gas Diffusion Layer (GDL) and subsequently bonded to the 

membrane. Usually, catalyst layers consist of platinum nanoparticles dispersed on an 

electronically conducting high surface area carbon support and ionomer. The supported 

platinum catalyst is mixed with an ion-conducting polymer (ionomer) and placed 

between membrane and gas diffusion layers. Low platinum loading electrodes (≤ 1.0 mg 

Pt/cm2 total on the anode and the cathode) are regularly used. The function of anode 

catalyst layer is to split hydrogen molecules into protons and electrons and cathode 

catalyst layer is to reduce oxygen by reacting with the protons and electrons generated 

by the anode, produce water. The ionomer mixed into the catalyst layers allows the 

protons to travel through these layers. 

 

Figure 4: Scheme from (a) a PEM fuel cell  (b) a model of a carbon supported Pt/C catalysts to the 

location (c) where the reaction (here: oxygen reduction at the cathode) takes place [2] 

Gas diffusion layers (GDL) 

GDL is typically a sheet composed of carbon paper in which the carbon fibers are 

partially coated with PTFE. Gases are diffusing through the pores in the GDL to the 

electrodes. Hydrophobic PTFE prevents excessive water buildup and keeps the gas 

transport pores open. The carbon paper surface facing the catalysts layer frequently is 

coated with a thin layer of high surface area carbon mixed with PTFE, called the 

microporous layer (MPL). The MPL minimizes the contact resistance between the GDL 
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and the catalyst layer, limits the loss of catalyst to the GDL interior and helps to improve 

water management. The MPL is generally recommended for use with Catalyst Coated 

Membrane (CCM) [6].  

Bipolar plates 

Under typical operating conditions, the single cell open circuit voltage is below 1 V 

(theoretical 1.2 V), yet most applications need higher voltages. Therefore, multiple cells 

are usually connected in series by stacking them on top of each other to provide the 

required output voltage (see Figure 5).  

 

Figure 5: Schematic overview of a fuel cell stack [7] 

In each cell in the stack, the MEA is sandwiched between two bipolar plates to separate 

it from neighboring cells. Bipolar plates are providing the electrical contact between 

adjacent cells. They can be made from metal, carbon, graphite or composites. The 

surfaces of the plates typically contain a flow field which is a set of channels into the 

plate to allow gases to flow over the MEA through GDL. An outer surface flow field of 

the plate is used to circulate a liquid coolant. 

Gaskets, End plate and Balance of Plant 

Gaskets which are usually a rubbery polymer are used around the edges of the MEA to 

make a gas-tight seal. Two rigid end plates are needed at the end of the stack to apply 

pressure on the cells to maintain the structure as well as to prevent the leakage. 

Completed end plates generally have holes for the bolts as well as for the inlet and 

outlet manifolds. A fuel cell also needs auxiliary equipment to operate the cell which is 

often called balance of plant. This includes heat exchangers, sensors, pumps, blowers, 

inverters, piping, electrical connectors etc.   
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2.4. Durability of PEMFC 

The durability of a product is measured by how well it preforms, stands to usage or 

maintains its quality over time [8]. All of the components that are usually used in 

PEMFC are not showing the same stability. Thus the durability of PEMFC is depending 

on its individual components. For example, membrane, catalysts and catalyst supports 

are mentionable. Two of the major types of degradation of PEMFC are due to the 

instability of catalyst (Pt) nanoparticle and the support materials (carbon) under fuel cell 

operating condition. Catalyst instabilities can be explained by three mechanisms; Pt 

dissolution and re-deposition also called Ostwald repining, Pt agglomeration and carbon 

corrosion [9]. The degradation of Pt and the carbon support is interrelated, one 

influences another. Platinum catalyzes the oxidation of carbon and the loss of carbon 

surface accelerates Pt sintering [9].  

The platinum particle size of supported catalysts used in PEMFC is in the nanometer 

scale, usually between 2 and 6 nanometers which are needed to get the high specific 

surface areas and eventually high performance of the fuel cell. However, nanoparticles 

have a strong tendency to agglomerate due to their high specific surface energies. The 

smaller the size of nanoparticles, the higher is their specific surface areas and the 

easier it is for them to agglomerate/sinter. So when Pt nanoparticles agglomerate to 

bigger ones, the electrochemical surface area of Pt catalyst decreases, and 

consequently the performance of PEMFC is degrading. In addition, this coarsening 

process can be accelerated under certain PEMFC operating conditions. Carbon black 

which is a widely used support material for noble metal catalysts is not stable at the high 

potentials encountered at the fuel cell cathode, particularly under open circuit potential 

(OCP) as well as in transient conditions. 

 

Figure 6: Schematic representing Pt agglomeration on and Pt detachment from support surface [10]  
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In PEMFC, the support oxidation preferably takes place at the cathode which potential 

goes to a maximum during start-stop cycles [11]. Therefore, the degradation of the 

cathode catalyst layer is directly related to the corrosion of the carbon support which 

leads to detachment of Pt as well as Pt, aggregation and/or Oswald ripening (Figure 6).  

  

2.5. Requirements and state of the art of the catalyst supports  

General requirements of noble metal support for fuel cell applications are; high surface 

areas, chemical and thermal stability, high mechanical strength, high electrical 

conductivity, uniform dispersion of catalyst particles, effective metal–support 

interactions and low cost [13].  Carbon black is a widely used catalyst support material 

in PEMFC because it fulfills most of the above mentioned requirements. However, one 

of the major causes that shorten PEMFC life time and performance is carbon corrosion 

under fuel cell operating conditions [9]. According to its thermodynamic properties, 

carbon can be oxidized in the presence of water to CO2 at potentials above 0.207V vs 

RHE. However, due to slow reaction kinetics the rate of this reaction is rather low below 

0.9V under the fuel cell operating temperatures (60°C-90°C). Oxidation of carbon 

becomes serious when the electrode potential are raised extremely high (>1.1V) which 

is usually observed during start-stop of a fuel cell [14] - [17]. 

Highly stable cathode catalyst supports for PEMFC are proposed by different scientists 

in references [18]-[36]. Some of them are carbon based and some are non-carbon or 

inorganic supports. Shukla et, al., showed that the use of graphitic carbon as cathode-

catalyst support enhances the long-term stability of Pt and its alloys in relation to non-

graphitic carbon [18].  TiO2 support is proposed by Ioroi et al.[19] and Huang et al.[20]. 

Mesoporous Tin Oxide support is proposed by Peng et al.[27]. Conducting metal oxides 

(Ti-based oxides, Ebonex, Sn-Based Oxides: SnO2, WOX, SiO2) are stable but their 

conductivities are not enough to be used as support for PEMFC [13]. Appropriate 

doping in metal oxides can increase the conductivity to desired levels. Thus Indium 

doped TiO2 [22], Niobium doped TiO2 [23][24], Carbon-TiO2 composite [25][26] were 

proposed by some scientists. Carbon nanotube supported Pt electro-catalysts covered 

with a Silica layer is proposed by Takenaka et al [29]. Sara Cavaliere et. al [30],  Meiling 

Dou et al.[31] Frolova et al [32], Gurrola et al [33] and Yin et al [34] studied Sb doped 

SnO2 as a support for PEMFC. Roth et al studied Titanium Diboride [35] and Chiwata et 

al studied Titanium Carbide [36] as a noble metal support for PEMFC.  
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2.6. Research goal and strategy 

Target of this work is to investigate corrosion resistant cathode catalyst supports for 

PEMFC.  The schematic of the overall research plan is shown in Figure 7 at a glance.   

 

Figure 7:  Schematic of research plan  

However, in this work investigations will be mainly performed in non-carbon based 

supports and will be compared with a traditional carbon black support. A commercial 

supported catalyst will be also investigated as a reference.  As already mentioned, the 

fuel cell electrodes are composed of Pt nanoparticles supported on an electronically 

conductive substrate and its performance is highly dependent on the platinum active 

surface area. One can get an electrocatalyst with the highest surface areas when the 

particle size of Pt is the lowest. However, the smaller particles have higher surface 

energies and are less stable than the larger one leading to Ostwald ripening [37] - [44]. 

For example, dissolution of Pt of particle size smaller then 2nm is an order of magnitude 

faster than the Pt of particle size of about 5nm [37]. In order to carry out a comparative 

study of catalyst stability, it is therefore crucial to be developing a robust process of 

synthesis of Pt nanoparticle of almost identical crystallite sizes and their deposition on 

to different support materials. Thus, development of a reproducible robust synthesis 

process of Pt of ≤5 nm particle size on a well-known carbon support material is taken as 

a first step of this work.  Carbon black support shall be replaced with other supports in 

the later stage 
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Heat treatment of Pt-based catalysts called annealing is necessary to stabilize the 

particles and potentially introduce more active catalytic sites. It can change the catalyst 

surface morphology from amorphous to more ordered states which can increase the 

oxygen reduction reaction (ORR) activity and the stability of the catalyst [45] - [48]. 

Therefore, in this contribution, investigations will be extended finding out an optimum 

annealing conditions for the synthesized catalysts too.  

Characterization of synthesized supported catalysts will be performed measuring 

crystallite size of Pt via X-Ray diffraction (XRD), particle size distribution via 

Transmission electron microscope (TEM), electrochemical surface area (ECSA) via 

cyclic voltammetry (CV), Oxygen reduction reaction activity (ORR) via rotating disk 

electrode (RDE), degradation of the supports and the catalysts via potential cycling and 

finally the catalysts will have to be processed to membrane electrode assembly (MEA) 

and subjected to single cell performance tests. 
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3. Theory 

In this section, theories that are related to this work will be briefly discussed.  

3.1. Some important terms related to fuel cell operation  

3.1.1. Fuel cell open circuit voltage  

The thermodynamic electromotive force (EMF) or reversible open cell voltage (OCV) of 

fuel cell, E is given by-[49] 

                    	∆

.
                             …………….. …       eq. (1) 

Where, ∆G is the Gibbs free enthalpy of formation, n is the number of electron transfer 

and F is the Faradays constant (96485.3329 As/mol)  

Gibbs free enthalpy, ∆G can be defined as the ‘energy available to do external work, 

neglecting any work done by changes in pressure and/or volume. The Gibbs free 

enthalpy of formation is the difference between the Gibbs free enthalpy of the products 

and the Gibbs free enthalpy of the reactants,  

∆ 	 	 	 	  ……………… ……  eq. (2) 

In PEMFC, one moles H2 and 0.5 moles O2 react to produce one mole H2O. Two 

electron transfers are needed to produce one mole of water. The value of ∆G is 

depending on whether the product is in liquid or in gaseous form. The Gibbs free 

enthalpy of water formations are  

∆GH2O(l) = - 237.13KJ/mol    and    ∆GH2O(g )= - 228.57KJ/mol 

Therefore, the reversible cell voltages are – [49] 

∆
	 1.184 			 		

∆
	 1.229 			……… eq. (3) 

3.1.2. Fuel cell efficiency 

The maximum efficiency also called thermodynamic efficiency of fuel cell is the ratio 

between the enthalpy (heating value), ∆H and the Gibbs free enthalpy, ∆G of the 

products [49]. 

, 	
∆

∆
    ………….. eq. (4) 

∆H is a function of temperature and pressure, at standard conditions (25°C and 

01.325KPa) the values are-  
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		→ 		 	 ,						∆ 	 	 241.82	 / 	 ……… eq. (5) 

		→ 		 	 ,						∆ 	 	 285.83	 / 	 ……… eq. (6) 

Therefore the corresponding theoretical efficiencies are- 

, . 	
∆

	
.

.
94.5%		 ……… eq. (7) 

, . 	
∆

	
.

.
83.1%   ……… eq. (8) 

3.1.3. Nernst equation 

The Nernst equation gives the dependence of the cell voltage on the concentration of 

reactants and products. In fuel cell system, the Nernst equation expressed how the 

pressure and concentration of the reactants affects the cell voltage as below-  

	 	 	 	
.

	   ……..… eq. (9) 

Where, ɑH2, ɑO2, and ɑH2O are the activities of the Hydrogen, Oxygen and water vapor 

respectively; E° is the cell voltage at standard conditions and E is the reversible cell 

voltage that would exist at a given temperature and pressure known as the Nernst 

voltage. 

If the pressures of the reactants and products are given in bar and the water product is 

in the form of water vapor, then the Nernst voltage is given by-  [50] 

	 	 	 	
.

	    ……..… eq. (10) 

Where, PH2, PO2, and PH2O are the partial pressure of Hydrogen, Oxygen and water 

vapor respectively.  

3.1.4. Fuel cell voltages 

Theoretical value of the open circuit voltage (OCV) of a PEM fuel cell is about 1.23V for 

a cell operating below 100°C.  However, in reality, (see Figure 8) it has been found that 

 The OCV is lower than 1.23V 

 The initial voltage fall rapidly and non-linear even the open circuit voltage is less 

than the theoretical value 

 The voltage then falls less rapidly and almost linearly 



15 

 

 The voltage falls rapidly and non-linear again at a higher current densities 

 

 

Figure 8: Voltage for a typical low temperature, air pressure, fuel cell [50] 

 

The reason of these irreversible losses of voltages can be explained in four categories- 

Fuel crossover and internal currents 

Although, the function of the electrolyte membrane is to transport only protons, a small 

amount of hydrogen and oxygen molecules are also diffusing through the membrane. 

Due to the presence of a catalyst in the cathode, hydrogen diffusing through the 

membrane will react directly with the oxygen without producing any current from the 

cell. This small amount of wasted fuel is known as fuel crossover.  If in case of 

electronic conductivity in the electrolyte membrane - two electrons are wasted in each 

case. Thus, the fuel crossover and the internal currents are not only reducing the 

operational efficiency but also affect the open circuit voltage [50].       

Activation losses  

Every chemical process needs activation energy to initiate a chemical reaction. In fuel 

cell system activation energy is necessary to start the reaction between H2 and O2 to 

produce water and electricity. Thus it produce a non-linear voltage drop is called   

activation losses or activation polarization. Activation losses depend on the slowness of 

the reactions taking place on the surface of the electrodes. Compared to the hydrogen 

oxidation reaction, the oxygen reduction reaction kinetics is much slower that produce a 

much larger magnitude of activation polarization loss. The oxidation reaction on the 

anode is much faster and practically constant throughout the current range. If a cell only 
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a single reaction is considered to be rate limiting, then the voltage loss due to activation 

polarization can be described by the Tafel equation as below [51] 

∆ ln 	 	
2

ln 	 	 …….. eq. (11) 

Where, ∆Vact is the activation over voltage (also called activation polarization or 

activation voltage loss), i is the current density, i0 is a constant called exchange current 

density (i > i0) the current density at which the overvoltage begins to move from zero, R 

is the ideal gas constant, T is the temperature, F is the Faradays constant and α the 

charge transfer coefficient. The value of α describes the proportion of the electrical 

energy applied that is harnessed in changing the rate of an electrochemical reaction. 

For a fuel cell system the value is 0.5 for the anode and 0.1 to 0.5 for the cathode. 

 

Figure 9:  Example of a Tafel plot [1] 

The usual form of the Tafel equation that can be easily expressed by a Tafel Plot is  [1] 

∆ 	 	  ……………. Eq. (12) 

Where, a = (-RT/αnF) ln io and b = RT/αnF. The term b is called the Tafel slope, and is 

obtained from the slope of a plot of ∆Vact as a function of ln i. There exists a strong 

incentive to develop electro-catalysts that yield a lower Tafel slope for electrochemical 

reactions so that increases in current density result only in nominal increases in 

activation polarization [1]. 

Besides sluggish kinetics of the electrodes; absorption of reactant species, transfer of 

electrons across the double layer, desorption of product species, and the nature of the 

electrode surface are also contributes in activation losses [1]. 
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Ohmic losses 

The ohmic losses are the electrical resistance of the fuel cell components, for example 

resistances come from electrodes, membrane, GDL and bipolar plates. This loss is 

simply expressed as – 

                      ………. Eq. (13) 

Ohmic losses can be minimized by reducing the internal resistance of the fuel cell and it 

can be done by using electrodes with extremely high conductivities, or reducing the 

distance that the electrons must travel since resistance is proportional to distance. 

Thicker membrane has high internal resistance; use of ultra-thin membrane can reduce 

the internal cell resistance.  Another way to reduce the cell resistance is to use of well-

designed bipolar plates [50].  

Mass transport or concentration losses 

The mass transport or concentration losses are due to lowering of the partial pressure 

of the reactants. When the partial pressure of hydrogen in the anode or the partial 

pressure of oxygen in the cathode is reduced, the cell voltage drop depends on the 

current being taken from the fuel cell.  When air is used as oxidant in the cathode at 

high current densities, most of the oxygen in air is consumed leaving behind N2 which 

hinders the oxygen transport. This is one of the major causes of mass transport or 

concentration losses in PEMFC. The removal of water can also be a cause of mass 

transport or concentration overvoltage. Figure 10 shows the contribution of polarization 

of anode and cathode in PEMFC. 

 

 

Figure 10: Contribution to polarization of anode and cathode [1] 
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By considering all of the losses (activation, fuel crossover, mass transport, and Ohmic), 

the actual operational graph of a fuel cell is produced as shown in Figure 11 and the 

overall voltage of the fuel cell is given by- 

	 ∆ ∆  …………….. eq. (14) 

 

Figure 11: Ideal and actual fuel cell voltage-current characteristic [1] 

3.1.5. Reactant consumption and feed  

In PEMFC, H2 and O2 are consumed by electrochemical reaction to produce water. 

According to Faradays law, the molar flows (ṅ) are defined as  

	
.

         ………eq. (15)        and           	
2

	 .
4

1
2
	

2
      … eq. (16) 

Where, I is the cell load (electric current in A), N is the number of single cell unit, F is 

the faraday constant.  

The stoichiometry (λ) defines the ratio between the amount of reactant feed and the 

amount of reactant consumed inside a fuel cell. In ideal case it should be 1 but in reality 

excess amount of reactant is needed to optimize cell performance. The molar flows of 

the reactants H2 and air in to the fuel cell stack are defined by anode and cathode 

stoichiometry (λ) –[49] 

. . 	
.
	 .      … … ………….eq. (17) 

. 	 . 	
.

. 	
	 .      …….. eq. (18) 
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Where,   is the molar oxygen content in air. 

It is very common to use the reactants feed in mass or in volume flow instead of molar 

flow.  

	 	. 	     and     	 	 , .       … …. Eq. (19) 

Where, ṁ is the mass flow of reactant in g/sec or kg/h, M is the molar weight of the 

reactant, 	   is the volume flow of the reactant in l/min or m3/min, ρ is the density of the 

gas and V0 is the molar gas volume. Both of gas density and the molar gas volume are 

temperature and pressure dependent, therefore normalized volume flow as Nl/min is 

generally used.  

3.1.6. Reactant utilization and gas composition 

The Nernst equations in section 3.1.3 showed that the reactants with higher partial 

pressures produce a higher cell voltage. Utilization (U) refers to the fraction of the total 

fuel or oxidant introduced into a fuel cell that reacts electrochemically. However, in LT-

PEMFC, the fuel utilization is relatively straightforward since H2 is the only fuel here and 

is given by- [1]  

	 , 	 , /	 , 	 ,

,
  …………… eq. (20) 

Where, H2,in and H2,out are the flow rates of H2 at the inlet and outlet of the fuel cell, 

respectively.  

3.1.7. Dew point temperature 

The dew point is the temperature at which air is saturated with water vapor. Below the 

dew point, liquid water will begin to condense on solid surfaces.  

3.1.8. Relative humidity  

Relative humidity (φ) is the ratio of the partial pressure of water vapor, pw (t) to the 

partial pressure of water vapor at saturation, pws (t) at a given temperature.  

       ………. Eq. (21) 

3.1.9. Water management 

The LT-PEMFC operates at temperatures between 0 °C to 90 °C, typically in the 60 °C 

to 80 °C range because of the intrinsic nature of the materials used in the PEMFC. Thus 

water is produced as a liquid. High water content in the electrolyte is also a precondition 
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to get high ionic conductivity. When the fuel cell is operating at high current densities of 

approximately 1A/cm2, water management is particularly critical because of mass 

transport issues which are associated with the water formation and distributions are 

limiting cell output. Yet the membrane shows maximum ionic conductivity when it is fully 

water saturated resulting in reduced ohmic losses. Maximizing the overall efficiency of 

the fuel cell is therefore a compromise between reduction of mass transport limitations 

and increase of electrolyte conductivity. A proper water management system is 

therefore needed to balance between water production in to the cell and water removal 

from the cell [1].  

3.2. Experimental method  

3.2.1. Electrochemical Impedance Spectroscopy (EIS)  

Electrochemical Impedance Spectroscopy (EIS) is a powerful diagnostic tool that can be 

used to characterize limitations and to improve the performance of fuel cells. The major 

three fundamental sources of voltage loss (kinetic, ohmic and mass transfer) in fuel 

cells can be separated and quantified with EIS. An equivalent circuit modeling of EIS 

data is used to extract physically meaningful properties of the electrochemical system 

by modeling the impedance data in terms of an electrical circuit composed of ideal 

resistors (R), capacitors (C), and inductors (L) [52].   

One of the simplest and the most common cell model is the Randles cell model which 

includes a solution resistance, a double layer capacitor and a charge transfer or 

polarization resistance. In addition to being a useful model in its own right, the Randles 

cell model is often the starting point for other more complex models [53]. The equivalent 

circuit for the Randles cell and a typical Nyquist plot of the corresponding cell is shown 

in the Figure 12.  

 

Figure 12: Equivalent circuit for the Randles cell (left) and a typical Nyquist plot [53] 

The Nyquist plot for a Randles cell is always a semicircle in which the solution 

resistance can found by reading the real axis value at the high frequency intercept near 

the origin of the plot). The plot was generated assuming that Rs = 20Ω    and Rp= 

250Ω. The real axis value at the other (low frequency) intercept is the sum of the 
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polarization resistance and the solution resistance. The diameter of the semicircle is 

therefore equal to the polarization resistance (in this case 250Ω). [53] 

 

Figure 13: A generalized equivalent circuit element for a single cell fuel cell [55] 

Figure 13 is an example of a generalized equivalent circuit element for a single cell fuel 

cell.  A resistor in the equivalent circuit analog represents conductive pathways for ion 

and electron transfer. For example, the bulk resistance of a material to charge 

transports such as the resistance of the electrolyte to ion transport or the resistance of a 

conductor to electron transport. It can also be used to represent the resistance to the 

charge-transfer process at the electrode surface. Capacitors and inductors are 

associated with electrochemical double layer and adsorption/desorption processes at an 

electrode respectively [55]. 

In this work, the impedance spectroscopy was used to assess the accessibility of the 

catalysts to the reactants 

3.2.2. Cyclic voltammetry 

Cyclic voltammetry is a commonly applied electrochemical technique to characterize the 

electrode surface and the interface to the electrolyte. The potential of the so called 

working electrode is swept between two potential limits, often the potentials for oxygen 

evolution and hydrogen evolution while measuring the current response. The response 

current is mainly being characteristic for the investigated material also some extent 

depend on the electrolyte. A sweep rate between 5mV/s and 1V/s is often used and at 

lower sweep rates there is a risk of poisoning due to adsorbates building up on the 

surface.  The impurities that adsorbs on the surface can be avoided by choosing a high 

upper sweep limit and a low lower sweep limit. They will be either oxidized or reduced 

away from the surface. A typical cyclic voltammogram of a Pt electrocatalyst supported 

on carbon black in 0.1M HClO4 is shown in Figure 14. The potential region (I) 

corresponds to the hydrogen adsorption (i <0) and desorption (i>0), the potential (II) 

corresponds to the double layer capacitance and the potential region (III) corresponds 
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to Pt surface oxide formation (i>0) and reduction (i<0) [59]. In the region (I), the two 

oxidation peaks at about 0.13V and 0.23V  vs RHE corresponds to the two active site of 

Pt (110) and (100) [56][57][58]. 

 

Figure 14: A typical cyclic voltammogram of Pt electrocatalysts supported on carbon black in 0.5M H2SO4 

at room temperature at a scan rate of 50 mV/s    

The Pt electrochemical active surface area (ECSA) can be calculated from the 

Hydrogen adsorption, QHads (blue area) and Hydrogen desorption, QHdes (gray area) 

charges in the potential range from 0.05 V to 0.4 V vs RHE after correction of the 

double layer capacity using the following equation [59]: 

. .
	   ……. eq. (22) 

Where,  

 : Hydrogen desorption charge in the potential range from 0.05 V to 0.4 V vs RHE 

after correction of the double layer contribution 

	:  Charge related to the adsorption or desorption of a hydrogen monolayer on 

a polycrystalline Pt surface = 210 μC cm-2 

 : Current (in μA) recorded in the hydrogen desorption region 

 	: Electrode potential (in V vs RHE) 

  : Linear potential variation (in V s-1) and 

  : Platinum loading on the electrode (in g) 

Cyclic voltammetry was used to measure the electrochemical active surface area of the 
Pt-catalysts synthesized in this work. 
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3.2.3. Rotating disk electrode 

Rotating-disc electrode (RDE) is a type of electrode consists of a cylinder made of an 

insulating material (usually PTFE or PEEK) encasing a disc made of a conductive 

material (platinum, gold, copper, glassy carbon etc). The whole cylinder is screwed onto 

a metal shaft, which is fastened inside a rotator which rotation speed can be precisely 

controlled by the operator. When the electrode is rotated, it pumps fresh solution from 

the bulk of the electrolyte onto the disc. The transport of the reacting species to the disc 

occurs both by convection and diffusion. Although the solution moves towards the disc 

continuously, a very thin layer of uniform thickness with no convection is produced onto 

the surface of the disk where only diffusion takes place. This layer is called diffusion 

layer [60]. Thickness of the diffusion layer can be changed by varying the rotation speed 

of the RDE. Mass transfer rate in the diffusion layer is described by a linear form of the 

Fick’s first law [60] 

	   …… ……. eq. (23) 

Where, J is the mass transfer rate, D is the diffusion coefficient of the transferred ion, C0 

is the concentration of the ion in the bulk of the solution, Cs is the concentration of the 

ion on the surface of the disc and   is the  thickness of the diffusion layer. 

 

Figure 15: Schematics of the solution flow towards RDE surface (left) and the flow of the solution near its 

surface (right) [60] 

For the RDE, the diffusion layer thickness is described by equation [61] 

1.6 / / /     ……….. eq. (24) 

Where, V is the kinematic viscosity of the electrolyte and ω is the angular velocity of the 

RDE. 

Electrochemical reactions that take place at the interface between the electrolyte and 

the electrode, two successive processes are happening- 
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 (1) Diffusion of the electroactive ion across the diffusion layer is known as the mass 

transport and 

 (2) Charge transfer across the electrolyte-electrode interface known as the kinetics. 

When an electrode reaction is governed only by mass transfer, the concentration of the 

electroactive ion at the surface of the electrode is zero (Cs = 0). It is because the 

reaction is fast enough to instantly consume any reactant that arrives on the electrode. 

In the mass transfer limited case, the current flowing is called the limiting current, Id, lim. 

The first mathematical treatment of convection and diffusion towards a rotating disk 

electrode was given by Levich. Therefore, limiting equation for the RDE is called the 

Levich equation as below [61]. 

, 0.62	 	 	 	 / / /   ……. eq. (25) 

Where, F is the Faraday constant (F = 96485 coulombs per mole) and A is the electrode 

area.  

 

Figure 16: Koutecky-Levich study:  voltammmogram for various rotation rates (left) and  Koutecky-Levich 

plot for three different overpotentials (right) [61] 

In real systems, a reaction is not completely governed by mass transfer but also both 

mass transfer and kinetics which are explained by so-called Koutecky-Levich equation 

[61].  

	
. 	 	 	

	        ……………eq. (26) 
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A plot of 1/i against (ω-1/2) yields a straight line with an intercept equal to the reciprocal 

kinetic current (iK). This plot is called Koutecky-Levich plot (see Figure 16). 

The kinetic current is the current that would be observed in the absence of any mass 

transport limitations. By measuring the kinetic current at a variety of different 

overpotentials along the voltammogram, it is possible to determine the standard rate 

constant for the electrochemical half reaction. In this work RDE was used to measure 

the oxygen reaction activity of the Pt-catalysts.  

3.2.4. X-ray diffraction (XRD) 

X-rays are electromagnetic radiation of wavelength about 1 Å (10-10 m), which is about 

the same size as an atom.  

 

Figure 17 : Constructive and destructive interference [64] 

The x-ray waves are considered as being reflected by planes of atoms in the crystal. 

When an x-ray beam hits an atom, the electrons around the atom start to oscillate with 

the same frequency as the incoming beam. In almost all directions they have 

destructive interference, only a few directions they will have constructive interference 

due to the regular pattern of atoms within a crystal (see Figure 17). The waves will be in 

phase and there will be well defined x-ray beams leaving the sample at various 

directions [62][63]. 

One method of interpreting x-ray diffraction is the Bragg formulation. English physicists 

Sir W.H. Bragg and his son Sir W.L. Bragg developed a relationship in 1913 between 

the structural parameters of the crystals and the results x-ray patterns known as Bragg 

equation as below [62]. 

nλ 2d	SinΘ    …………………… eq. (27) 
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Where, Θ is the angles of incidence X-ray beams, d is the distance between atomic 

layers in a crystal λ  is the wavelength of the incident X-ray beam and n is an integer.  

 

Figure 18: Bragg's Law reflection where the diffracted X-rays exhibit constructive interference [65] 

The average crystallite size of materials can be evaluated from X-ray diffraction pattern 

using the Scherrer formula [66][67][68]. 

.

	.
       ….. ……  eq. (28)  

Where, L, λKα1, B2Θ, and ΘB are the average crystallite sizes, the X-ray wave length 

(1.54056A°), the half peak width of 2Θ and the angle corresponding to the peak 

maximum, respectively. 

X-ray diffraction is one of the most important characterization tools used in solid state 

chemistry and materials science. By XRD one can measure the average spacing’s 

between layers or rows of atoms, can determine the orientation of a single crystal or 

grain, find the crystal structure of an unknown material, and measure the size, shape 

and internal stress of small crystalline regions. XRD was used to measure the particle 

size Pt and particle size of support materials synthesized in this work. 

 

3.2.5. Inductively coupled plasma - optical emission spectrometry  

Inductively coupled plasma - optical emission spectrometry (ICP-OES) is a technique by 

which composition of elements in a sample can be measured by using combination of 

plasma and spectrometer. A schematic of ICP-OES is shown in Figure 19. A sample 

solution is sprayed though a nebulizer into a spray chamber, the produced aerosol is 

lead into argon plasma. Plasma is an electrically conducting medium in which there are 
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roughly equal numbers of positively and negatively charged particles, produced when 

the atoms in a gas become ionized. It is sometimes referred as the fourth state of 

matter, next to the solid, liquid and gaseous state. The plasma is extremely hot, about 

6000-8000K. Desolvation, atomization and ionizations of the sample take place in 

plasma by taking the thermic energy of the electrons and reach a higher excited state. 

When the electrons drop back to ground level, energy is liberated as light. Each element 

has an own characteristic emission spectrum which can provide us information about 

the element. The intensity of light emitted at specific wavelength is related to the 

concentration of the element of interest within the sample [69] [70]. ICP-OES method 

was used to determine the content of Pt within the Pt-catalysts synthesized in this work.    

 

Figure 19: ICP-OES schematic [71] 

 

3.2.6. Scanning Electron Microscopy (SEM) 

SEM is a technique of electron microscope to produce high resolution images of a 

sample surface. A beam of electrons of relatively low energy as an electron probe 

focused and scanned in a regular manner over the specimen. The electron beams 

stimulates the emission of high-energy backscattered electrons and low-energy 

secondary electrons from the surface of the specimen which are then detected to 

produce an image (see Figure 20).  
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Figure 20: Schematic representation of SEM [72]  

The low energy secondary electrons are commonly used for imaging because these 

electrons originate within several nm from the surface (see Figure 21). Backscattered 

electrons can also be used for imaging. With backscattered one can detect contrast 

between areas with different chemical compositions. SEM is widely used in material 

science, metallurgy science and life science researches for studying the surfaces of 

solid objects directly. In this work, SEM has been used to investigate the surface 

morphology of synthesized non- carbon supports.   

 

Figure 21: Types of signals produced by SEM [74] 
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3.2.7. Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy (EDS, EDX or EDXRF) is an analytical technique 

used for chemical characterization of a sample. To stimulate the emission of 

characteristic X-rays from a specimen, a high energy beam of charged particles such as 

electrons or beam of X-rays is focused in to the sample being studied. At rest, an atom 

within the sample contains ground state electrons in the discrete energy level bound to 

the nucleus. The incident beam may excite an electron in an inner shell. An electron 

from an outer, high energy shell then fills the hole and the difference in energy between 

the higher energy shell and the lower energy shell may be released in the form of X-ray. 

The number and energy of the X-rays emitted from a specimen can be measured by an 

energy dispersive spectrometer. As the energy of the X-rays is characteristic of the 

difference in energy between the two shells and of the atomic structure of the element 

from which they were emitted, the elemental composition of the specimen can be 

determined [75]. The elemental compositions of synthesized non-carbon supports have 

been measured via EDX in this work.   

3.2.8. Transmission electron microscopy  

Transmission electron microscopy (TEM) is an imaging technique where a beam of 

electrons is focused onto a specimen causing an enlarged version of the specimen. 

 

Figure 22 : A schematic outline of TEM [77] 
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The working principle of TEM is very similar as slide projector except using a beam of 

electrons through the specimen. When a beam of electron is applied to the specimen, 

the transmission is dependent on the properties of the material (i.e., density, 

composition, etc). If the material is porous, it will allow more electrons to pass through 

while dense material will allow less. Thus, specimens with non-uniform densities can be 

examined by TEM. The part of electron beam which is transmitted through the 

specimen is projected onto a phosphor screen for the user to see.  A TEM contains four 

parts: electron source, electromagnetic lens system, sample holder, and imaging 

system (see Figure 22).  TEM is a very useful tool to examine objects or specimen on a 

very fine scale (magnifications of up to about 10,000,000 x). It provides information 

about topography (the surface features), morphology (the shape and size of the 

particles) and crystallographic information (the atoms arrangement) of an object [76]. In 

this work, some of the Pt-catalysts and non-carbon support materials were investigated 

via TEM.  

3.2.9. BET theory 

The geometric surface area of a porous material can be determined by measuring the 

amount of nitrogen adsorbed to it at a given temperature which is done by analysis of 

the so called adsorption isotherm. The use of the so called BET-isotherm is well 

established. BET theory was developed in 1938. The theory was named after Stephen 

Brunauer, P.H. Emmet and Edward Teller [78]. This was the first method to measure 

the specific surface of finely divided and porous solids which is based on an 

oversimplified extension of the Langmuir mechanism to multilayer adsorption.  N2 is 

passed through the samples at a given temperature and the amount of adsorbed gas is 

measured. The adsorption process can occur by formation of chemical bonds known as 

chemisorption and/or by weak van der Waals forces known as physical adsorption or 

physisorption. The enthalpy of formation of the first monolayer is assumed to be 

different and greater in magnitude than that of the second and higher layers. The BET 

equation is given by: [76] 

	 	
	    ……….. eq.(29) 

Where,  is the equilibrium pressure,  is the vapor pressure of the adsorbate at 

standard conditions,  is the amount of adsorbed at the relative pressure  ,   is 

the monolayer capacity and c is a constant dependent on the isotherm shape and 

expressed as [76] – 

exp 					 ….. … eq.(30) 
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Where,  is the heat of adsorption for the first layer, and  is that for the second and 

higher layers and is equal to the heat of liquefaction. According to the BET equation, if 

we plot  
	
	against  , it is possible to obtain  from the linearity of the plot.  

This plot is called a BET plot (see Figure 23). The linear relationship of this equation is 

maintained only in the range of 0.05 <  < 0.3. 

 

Figure 23: The BET Plot [80] 

From the value of , the specific surface area, S, in m2·g–1 , is calculated by the 

equation [80] 

	
	 	

		 	
  …….. eq. (31) 

Where, N is the Avogadro constant (6.023 × 1023 mol–1 ),  is the effective cross-

sectional area of one adsorbate molecule, in m2 (0.162 nm2 for N2), m is the mass of the 

test powder, in g and 22400 is the volume, in mL, occupied by one mole of the 

adsorbate gas at STP allowing for minor departures from the ideal.  

In this work, BET theory was used to measure the BET surface areas of the synthesized 

non-carbon support materials. 

3.2.10. Spray drying  

Spray drying is a method of producing dry powder from a liquid or slurry by rapidly 

drying with a hot gas. A spray dryer mixes a heated gas (air or N2) with an atomized 

(sprayed) liquid stream within a vessel called drying chamber to accomplish evaporation 

and produce a free flowing dry powder with a controlled average particle size [81]. A 

laboratory scale spry dryer is shown in Figure 24.  

Spraying (Atomization) is the most critical step in the spray drying process to produce 

droplets of specific size and surface areas.  The degree of atomization under a set of 

spray drying conditions controls the drying rate and therefore it required particle 

residence time which is related to the spray dryer size.  The most commonly employed 



32 

 

atomization techniques are Pressure Nozzle Atomization (a spray is created by forcing 

the fluid through an orifice), Two-Fluid Nozzle Atomization (a spray is created by 

contacting two fluids, the feed and a compressed gas) and Centrifugal Atomization (a 

spray is created by passing the fluid across or through a rotating wheel or disk). All of 

the atomizing techniques can give good average particle size control; nevertheless 

there are major differences in the particle size distribution. The narrowest particle size 

distribution is possible with the first atomization technique compared to others [83].  

Spray drying technique was used in order to get uniform particle size distribution of the 

non-carbon support materials synthesized in this work.  

 

 

Figure 24:  Schematic of a laboratory-scale spray dryer [82] 
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4. Experimental part 

4.1. Synthesis of Platinum nanoparticles 

Several routes of synthesis and deposition of Pt nanoparticles have been reported in 

references [68], [84] - [95]. However, the synthesis robustness and reproducibility’s are 

the big challenges there.  In this work some of these processes were selected to 

develop a robust synthesis and deposition process of Pt nanoparticles. Carbon black 

(Vulcan XC 72, Cabot Corporation) was chosen as support material since it is widely 

used in the PEMFC community. The goal is to get a carbon black supported 20wt% Pt 

electrocatalyst of ≤ 5nm average particle sizes. After development of a robust and 

reproducible synthesis process, carbon black shall be replaced with other, more 

corrosion resistant support materials. The crystallite sizes of the catalysts obtained from 

different synthesis processes were determine via X-ray diffraction using the Scherer 

equation. The details of the investigated synthesis processes of Pt nano particles via 

different routes are described below.  

Pt-stock solution preparation: Chloroplatinic acid hexahydrate from Alfa-Johnson 

Matthey was used as a source of Pt. It is hygroscopic; therefore a Pt stock solution of 

0.2mole/l was prepared by dissolving 106.2g of Chloroplatinic acid hexahydrate in 

1000ml of ultrapure water. The Pt concentration of the stock solution was measured as 

40.9g/l (= 0.02096 mole/l) via ICP-OES analysis.   

4.1.1. Formaldehyde Reduction (FR) process  

The synthesis of Pt-nanoparticles was conducted by the same way as described by 

Zhou et al [84].  In brief, to get 10g of CB supported Pt electrocatalyst (20wt%Pt), 8g of 

carbon black was suspended in 200ml ultrapure water in a 1L three necked round 

bottom flask with magnetic stirrer and was stirred for 5-10 minutes. 50ml of Pt stock 

solution was then added dropwise in to the slurry. 300ml of ultrapure water was then 

added to dilute the mixture and was stirred for 10 minutes. pH of the mixture was then 

adjusted to 12.5 with 0.5M NaOH solution. The required volume of additional ultrapure 

water was added to the mixture to make the total volume 600ml then stirred for 10 

minutes again. 15ml of 37% formaldehyde solution (Sigma-aldrich) was then added to 

the mixture. pH of the mixture was readjusted to 12.5 with 0.5M NaOH (if needed). The 

mixture was then impregnated for 15 minutes with continuous stirring.  After 3h reflux at 

80°C, 25ml of 1M HNO3 was added dropwise and was then settled for 15 minutes. The 

mixture was then filtered by using vacuum filter. The resulting residue was washed 

several times with hot ultrapure water to remove chloride ions completely which was 

ensured by conducting chloride ion test using AgNO3 solution.  Finally, the residue was 

dried in an air oven at 80°C overnight.  
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The first synthesis met the target but it turned out to be not reproducible. Therefore, a 

series of experiments was designed, varying temperature, pH, impregnation time and 

dilution to get a catalyst with low crystallite size. Table 1 shows the actual parameters 

that were maintained during synthesis, where T(M) indicates the reaction temperature 

and T(H) indicates the electrical heater temperature. All of the synthesis routes were 

carried out by either keeping T(H) or T(M) constant.   

Table 1: Formaldehyde reduction process optimization 

Sl.  
No. 

Sample 
Name 

Qty, 
in g

 V  
in L 

pH HCHO 
added 
(ml) 

Impregn
ation 
time 
(min) 

T(M)  
in °C 

T (H)  
in °C

Reflux  
Time (h) 

Particle 
size (nm)

1 S0000 10 0.5 12.5 15 60 70  3 3.3 ± 1.7

2 S0001 10 2 13.8 15 60 80  3 7.5 ± 1.4

3 S0007 10 2 13.5 15 60 80  2 7.6 ± 2.1

4 S0008 10 0.6 12.5 15 60 70  4 5.1 ± 0.9

5 S0011 10 0.4 11.0 15 60 70  3 11.6 ± 1.8

6 S0013 2 0.5 12.5 4 15 - 80 3 4.7 ± 1.4

7 S0014 2 0.6 12.5 4 60 70  3 4.1 ± 0.9

8 S0019 5 0.65 12.5 9 15 - 80 3 3.6 ± 1.6

 

4.1.2. Modified Polyol (MP) process 

Reduction of Pt-salts can also be carried out with polyols as reducing agents. A series 

of syntheses were carried out by a modified polyol process as described by Zhenhua 

Zhou et al. [85]. To get 5g of 20wt%Pt electrocatalyst, 4g of CB was suspended in 200 

ml millipore water in a 1L three neck round bottom flask. The mixture was then 

sonicated in an ultrasonic bath for 10 minutes. After sonication, the mixture was placed 

in an electric heater which was placed on a magnetic stirrer plate for constant stirring.  

200ml of Ethylene Glycol (EG) was then added to the suspension. A gentle flow of 

Nitrogen gas was continuously allowed to pass through this solution until end of the 

synthesis process to remove gaseous reaction products. The required volume of Pt 

stock solution (25ml) was added drop wise to the suspension. Finally, the required 

volume of ultrapure water and EG were added to the solution to adjust the total volume 

to 500-550ml in which the ratio of water and EG was exactly 1:1. After 10 minutes 

stirring, the system was thermally insulated to avoid excessive heat loss and the mixture 

was heated up to 180°C by using electric heater with ramping rate 5°C/min. When the 

temperature of the mixture was reached, the electric heater set value was readjusted to 

120°C to gradually cool the mixture and keep at that temperature for 3h to complete the 
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reduction process. Subsequently, the electric heater was switched off and the mixture 

was allowed to cool to 40°C - 50°C. The slurry was then filtered, washed with copious 

hot ultrapure water and finally dried in an air oven at 70°C overnight. 

The syntheses processes were carried out by varying temperature, pH and dilution to 

get the optimum (see Table 2). The first three syntheses were conducted by varying 

temperature between 120°C and 140°C. The particle sizes of those synthesized 

catalysts were not as small as expected but more uniform. Therefore more syntheses 

with varying parameters for example batch quantity, pH, temperature and dilutions were 

performed as shown in the Table 2.   

Table 2: Modified polyol process optimization 

Sl.No 
Samples 

Batch Qty. in g Total V in ml pH T(M) in°C T(H)  in °C Particle size 
(nm) 

1 S0004 10 500 - 130 -- 6 ± 0.51 

2 S0009 10 500 1.6 120 -- 5.8 ± 0.57 

3 S0010 10 500 1.5 140 -- 5.6 ± 0.54 

4 S0012 10 500 11 120 -- 3.5 ± 0.84 

5 S0015 2 460 1.5 120 -- 3.2 ± 1.71 

6 S0016 2 500 2.1 -- 130 3.5 ± 4.5 

7 S0021 2 500 11 120 -- 6.2 ± 0.78 

8 S0024 5 500 1.5 120 -- 3.1 ± 0.79 

 

4.1.3. Synthesis via Sulfito-complex route 

The sulfito-complex route is a two steps synthesis process. The first step is the 

synthesis of a Pt sulfito- complex and followed by the reduction of the Pt sulfite- 

complex to Pt and deposition on the support material [86]. To get 10g of 20wt%Pt 

electrocatalyst, 50ml of Pt stock solution was diluted with 450ml ultrapure water in a 

three necked round bottom flask (1L).  pH of the solution was adjusted to 7 with Na2CO3 

solution  and was then subsequently lowered to 3 by adding NaHSO3. The solution was 

then gently warmed until it becomes colorless and then increased the pH to 6 with 

Na2CO3. A white precipitate of Pt-sulfito-complex was formed which was collected by 

filtration.  

In the second steps, the residue was transferred in to a separating funnel with 200ml of 

0.5M H2SO4 solution and was shaked to dissolve it. The obtained solution was added 

dropwise to the carbon black slurry which was prepared by ultra-sonication of 8g carbon 

black in 700ml ultrapure water at 80°C in a three necked round bottom flask (1L). 7ml of 
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30% H2O2 solution was then added dropwise to the mixture.  The mixture temperature 

was kept at 80°C and was stirred for 1hour. 200ml of 1%formic acid solution was added 

dropwise and additionally stirred for 5 minutes. The mixture was then filtered, washed 

with hot ultrapure water and dried in an air oven at 80°C overnight. 

4.1.4. Sodium dithionate reduction process 

By using Sodium dithionate reduction process [87], two syntheses were conducted as 

follows.  

(1)  50ml of Pt stock solution and 450ml of ultrapure water were heated to 60°C ± 2°C in 

a 2L round bottom flask. A dark brown color was formed after addition of 110ml of 

sodium dithionite solution (60g/l) to the flask. After 30minutes stirring, CB slurry was 

added to the flask. CB slurry was prepared by suspending 8.0g of CB in 800ml ultrapure 

water followed by stirring overnight. The mixture was additionally stirred for 1h at 60°C 

and then was allowed to cool for 1hour before filtration. The residue was washed with 

hot ultrapure water and was finally dried in an air oven at 70°C for overnight. 

(2) 50ml of stock solution and 200ml water is mixed with the CB slurry in a 2L round 

bottom flask. CB slurry was prepared by suspending 8.0g of CB in 800ml ultrapure 

water followed by stirring overnight.  The solution was heated to 55°C ± 2°C and then 

22ml of 30% H2O2  followed by 250ml of sodium dithionite solution (30g/l) were added 

dropwise to it. After 1h continuous stirring at the same temperature, it was allowed to 

cool for 1h and then filtered, washed with hot ultrapure water, dried in a vacuum oven at 

70°C.     

4.1.5. Polyol process 

The synthesis was performed in the same way as Liu et. al [88]. In brief, to get 2g of 

20wt%Pt electrocatalyst, 1.6g of CB was mixed with 200 ml of Ethylene Glycol (EG) in a 

1L round bottom flask and was sonicated in an ultrasonic bath for 30 minutes. 1.06g of 

chloroplatinic acid hexahydrate (0.4g Pt equivalent) was dissolved in 200ml of EG and 

then added dropwise to the slurry. 75ml of EG was used to wash the side wall of the 

glass apparatus and was added to the slurry. Prior to adjusting the pH to 10.4 with 1M 

NaOH (in EG) the mixture was stirred for 15minutes. 1M NaOH was prepared by 

dissolving 2g of NaOH in 5ml ultrapure water then added EG to make the total volume 

500ml. Additionally, the mixture was stirred for 30 minutes and then heated up at 130°C 

with 5°C/min ramping rate and was kept in reflux conditions for 3h at 130°C (T Heater) 

with insulation to protect excessive heat loss. After that the mixture was allowed to cool 

to 40°C then filtered, washed with hot ultrapure water and finally dried in an air oven at 

70°C overnight. 
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4.1.6. Isopropanol - formaldehyde reduction process 

The procedure followed to obtain 2g of 20wt% Pt electrocatalyst was the same as 

Zhang et al.[89]. CB slurry was prepared by suspending 1.6g of CB in to 200ml of iso-

Propanol in a 1L three necked round bottom flask then stirred continuously. 1.06g of 

chloroplatinic acid hexahydrate (0.4g Pt equivalent) was dissolved in 50ml iso-Propanol 

and was added to the CB slurry. Additionally, 250ml of iso-Propanol was added to the 

mixture to make total volume of 500ml. After 2h stirring, pH of the mixture was adjusted 

to 13.5 with 1M NaOH (in IPA : H2O=1:1). The mixture was then heated up to 80°C with 

5°C/min ramping rate. When the temperature of the heater was reached to 80°C, 5ml of 

37% HCHO (in H2O) was added dropwise followed by heating under same condition for 

2h with continuous stirring.  Finally the mixture was allowed to cool to 40°C then filtered, 

washed with hot ultrapure water and dried in an air oven at 80°C overnight. 

 

4.1.7. Modified polyol process with ammonia solution 

The process was followed to deposit Pt on CB support was very similar as Tang et, al 

[68]. 25ml stock solution was diluted with 75ml H2O and then with 40ml ammonia 

solution (28%, Fluca). A yellowish precipitate was formed. 4g of CB was suspended in 

to 10ml of water and 150ml of EG in a 1L round bottom flask. Additional, 100ml H2O 

and 100ml EG was added to make 500ml total volume, in which the ratio of water and 

EG was 1. The pH of the mixture was adjusted to 11 with ammonia solution. After 10 

minutes stirring, thermally insulate the system to avoid excessive heat loss and heat up 

the mixture at 180°C by using electric heater with ramping rate 5°C/min while continuing 

a gentle flow of nitrogen. When the temperature of the mixture was reached at 120°C, 

the electric heater set value was decreased slowly to keep the mixture at constant 

120°C and was maintained that temperature for 3h to complete the reduction process.  

Finally the mixture was allowed to cool to 40°C-50°C then filtered, washed with hot 

ultrapure water and dried in an air oven at 70°C overnight. 

 

4.2. Development of annealing conditions for the supported Pt- catalysts 

Annealing can increase the stability and activity of the catalysts by introducing more 

active site and by changing the catalyst surface morphology from amorphous to more 

ordered states. In order to develop an optimum annealing conditions, two sets of CB 

supported synthesized catalysts were annealed in different conditions in Ar/H2 

atmosphere (95%Ar and 5% H2); the first sample was synthesized via formaldehyde 

reduction process (FR) and the other was via modified polyol process (MP) as shown in 
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Figure 25. After annealing, the catalysts were characterized. The procedure will be 

discussed latter.  

 

 

 

 

Figure 25:  Temperature profiles of annealing of CB supported catalysts synthesized via formaldehyde 

reduction process (top) and modified polyol process (below) 

4.3. Synthesis of non-carbon catalyst supports 

One of the major reasons of investigating non-carbon supports is the instability of 

carbon supports under fuel cell operating conditions. Most of the possible non-carbon 

supports are stable under fuel cell operating conditions. However their electronic 

conductivities and surface areas are not met the requirements. In this contribution, Nb 

doped SnO2 and Sb doped SnO2 were chosen for deeper investigation while high 

electronic conductivity and high surface areas were given priority.    
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4.3.1. Synthesis of Niobium doped Tin Oxide  

Niobium doped Tin oxide (NTO) was synthesized via co-precipitation process [96]. The 

target was set to prepare a Nb doped (2at% in Sn) SnO2. To do this, 45.2g of 

SnCl2.2H2O (Sigma Aldrich, 98%) was dissolved in 200ml of 96% ethanol and placed in 

an ice bath. A NbCl5 solution was prepared by dissolving 1.082 gm of NbCl5 (Sigma 

Aldrich, 99,95%) in 100ml of 96% ethanol and was added dropwise to the SnCl2 

solution. The mixture was stirred for 15 minutes and then diluted ammonia solution 

(50ml of 28% ammonia, fluka + 150ml ultrapure water) was added till precipitation 

occurred. After that pH of the mixture was readjusted to 4.5 with 0.1M HCl solution and 

then additionally stirred for 20 minutes.  A Hettich centrifuge instrument (universal 320) 

was used to separate solids from liquids in suspension by applying centrifugal force at 

2000RPM for 10 minutes. The solid mass was washed with hot ultrapure water to 

remove Chloride ions and was finally dried in an air oven at 100°C for overnight and 

then was ground using mortar and pestle. The amount of solid mass was obtained after 

drying was 30g. A half of the sample was then calcinated at 600°C for 1h in an air oven. 

Both of non-calcinated and calcinated materials have been characterized by measuring 

electrical conductivities. 

4.3.2. Synthesis of Antimony doped Tin Oxide  

Two different synthesis processes were used to synthesize Sb doped SnO2 (ATO) as 

describe in below-  

Synthesis procedure-1  

ATO was synthesized by the same way as Lee et al [97]. A stock solution of 

SnCl4.5H2O (1g/ml) was prepared by dissolving 100.4g of SnCl4.5H2O (Sigma-Aldrich, 

98%) in 100ml of ultrapure water. To get a material of 5at% Sb (in Sn) doped SnO2 

(ATO-5Sb), 1.15g of  SbCl3 (Sigma-Aldrich, 98%) was taken in 50ml of ultrapure water 

in a three necked round bottom flask. 33.3ml of SnCl4 stocked solution followed by 20ml 

of ultrapure water, 17ml of 32% HCl (Merck) and 30ml of water was added dropwise to 

it. pH of the solution was then adjusted to 10 with 1.5M of NaOH solution and then 

stirred for 10 minutes. The mixture was then reflux at 100°C (mixture temperature) for 

2h with insulation of the system to avoid excessive heat loss. After cooling to room 

temperature, the material was collected by centrifuging at 2000RPM for 10 minutes. The 

solid mass was washed with hot ultrapure water to remove Chloride ions and finally 

dried in an air oven at 100°C for overnight. The amount of solid mass was obtained after 

drying was 11.5g. After grinding with mortar and pestle a portion of the material was 

calcinated between 400 °C and 600 °C in an air oven for 1 h.  A series of ATOs with 
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0.5at% (ATO-0.5Sb), 1at% (ATO-1Sb) and 2at% (ATO-2Sb) of Sb (in Sn) doping were 

also synthesized and calcinated by the same way as 5at%Sb (in Sn) doping. 

Synthesis procedure-2 

In this case, ATOs were synthesized via co- precipitation process [98].  A simplified flow 

diagram of the synthesis process of ATO is shown in Figure 26. 

 

Figure 26 : Flow diagram of ATO synthesis via co-precipitation process 

To get 5at% Sb doped SnO2 (ATO-5), 1.2g of SbCl3 was dissolved in 40ml of 32% HCl 

in a three necked round bottom flask and was placed in an ice bath. A SnCl4 solution 

which was prepared by dissolving 34.05g of SnCl4.5H2O in ultrapure water was added 

dropwise to the SbCl3 solution. The clear solution was then stirred for 30 minutes. A 

white precipitate was formed while pH of the solution was adjusted between 3.5 and 4.0 

with diluted ammonia solution. After 15 minutes additional stirring, the white precipitate 

was collected by centrifuging at 2000RPM for 10 minutes. The solid mass was then 

washed with hot ultrapure water to remove Chloride ions and finally dried in an air oven 

at 100°C for overnight. After grinding by mortar and pestle the samples were calcinated 

between 400 °C and 700 °C in an air oven for 1 h.  ATOs with 0.25at% (ATO-0.25), 

1at% (ATO-1) and 2at% (ATO-2) of Sb (in Sn) doping were synthesized and calcinated 

by the same way as 5at% Sb (in Sn) doping. 



41 

 

Reduction of particle size of ATO support with using a Ball mill 

A Fritsch Pulverisette 6 Planetary Mono Ball Mill was used to reduce the particle size of 

synthesized ATO.  The equal volume of balls and samples were placed in to the ball mill 

and then pulverized at 200RPM for 2h. After that balls were separated from the samples 

by sieving. 

 

Figure 27: Fritsch Pulverisette 6 Planetary Mono Ball Mill 

Spray drying of ATO supports 

A mini spray dryer (BUCHI Mini Spray Dryer B-290) has been used to get 

homogeneous particles of the synthesized ATOs. Just before drying, the solid samples 

obtained at the end of the synthesis process (see 4.3.2) were mixed with 750ml of 20% 

ethanol in water to make a suspension for spraying.  The particle size of solids are 

depending on sets of conditions such as atomization techniques, flow rates of 

suspensions, inlet and out let temperatures, aspiration rates etc.  Two fluid nozzle 

atomization techniques were used in spry drying process. The feed rate of suspension 

was about 2ml/min and N2 was 7.5nl/min, the inlet and outlet temperatures were set to 

220°C and 120°C respectively. High aspiration rate of set value16 in the spray dryer 

was used to get very low nano particles. The dry samples were collected from the 

collector and then calcinated at 550°C in air for 1h.  

4.4. Preparation of ATO supported Pt-catalyst  

Modified polyol process was chosen for synthesis of ATO supported Pt electrocatalyst 

due to its robustness in terms of reproducibility’s, distribution of particle sizes and 

activities (see more in details in section 5.2). The synthesis procedure was the same as 

already described (see the sample number S0024 in Table 2 in the section 4.1.2).   
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4.5. Annealing of the supported Pt-catalysts 

Annealing’s of a portion of all of the synthesized supported catalysts were conducted 

after development of optimum annealing conditions. The temperature profile is shown in 

Figure 28. Annealing’s of carbon black supported catalyst was conducted in reducing 

environment (Ar /H2) while the ATO supported catalyst was under oxidizing environment 

(in air) in order to prevent the reduction of Sb V to Sb III. 

 

Figure 28: Temperature profile of annealing of the supported catalysts 

 

4.6. Characterization of the supported Pt-catalysts  

In this this section, procedures that were used to characterize the prepared supported 

catalysts (both of non-annealed and annealed) will be discussed. 

 

4.6.1. Pt particle size measurement via X-ray diffraction 

An X-ray diffractometer (D5000 from Siemens) was used to measure the particle size of 

Pt in the supported catalysts. The Cu Kα tube was operated at 40kV and 40 mA. The 

XRD patterns were recorded over 2Θ ranges of 10° to 120° at the step size of 0.04° 

while holding time per steps were 4 seconds. A variable divergence slit of 0.5° and the 

sample rotation of 30 rpm was used for all of the measurements.  A Bruker set 

specimen holder (C79298A3244D82/84) of 8.5 mm height, Ø 25 mm of sample 

reception and a Bruker universal sample cup (C79298A3158B64)  for rotating sample 

stage were used for measurements (see Figure 29). The sample was given into the well 

and carefully flattened and flushed to form a smooth surface. All of the XRD profiles 

were analyzed with using TOPAS (Bruker AXS, Version 5) software to measure the 

particle size of the samples. 
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Figure 29 : XRD measurement setup (a) sample holder (b) sample holder with sample (c) sample cup (d) 

sample holder with sample cup and (e) D5000 X-ray diffractometer 

4.6.2. Elemental composition by ICP-OES  

The contents of Pt in the supported catalysts were measured by ICP-OES. The 

operation principle of ICP-OES is already discussed in section 3.2.5. A Spectra Acros 

(Acros FHS12) was used to perform the tests (see Figure 30 ). Two 30 mg of each 

catalysts were first digested with 1ml of HNO3 (Fluka 65%) and 3ml of HCl (Sigma 

Aldrich 32%) and then ultrapure water was added to it to make the volume to 25ml. 

After filtration, 1ml of the filtrate is then dilute to 20ml with ultrapure water before 

injection.  

 

Figure 30: Spectra Acros for ICP-OES analysis 

4.6.3. Particle size distribution with using TEM  

A Transmission electron microscope (Philips CM30) was used to investigate the particle 

size distribution of the supported catalysts. The instrument was operated at 300kV. All 

pictures were taken in TEM BF (bright field) mode. Samples were prepared by putting 

the catalysts powder in acetone, shaking it and putting a droplet of the suspension on a 
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Cu grit, which was previously covered by a carbon thin film. The electrons beam was 

transmitted through specimen, interacting with the specimen when it passed through it. 

An image was formed due to the interaction of the electrons transmitted through the 

specimen was magnified and recorded. The measurements were performed at the 

Helmholtz-Zentrum Berlin für Materialien und Energie GmbH by Dr. Henning Markötter 

and Dr. Anna Manzoni.  

4.6.4. Cyclic voltammetry for determining Pt- ECSA  

The Pt electrochemical active surface area (ECSA) of the catalysts were calculated 

from the average value of Hydrogen adsorption ( QHads) and desorption (QHdes) charges in 

the potential range of 0.05 V to 0.4 V vs RHE from the voltammogram (see 3.2.2). 

Cyclic voltammogram (CV) was taken for each working electrode at 50mV/s voltage 

scan rate. The ECSA of the catalysts were measured during investigation of durability’s 

and activities of the catalysts. Thus, the working electrode compositions and 

measurement conditions were different which will be describing in details in the 

respective sections. However in very cases potential was cycled between 50mV and 

1.2V vs RHE at 100mV/s voltage scan rate until getting a reproducible CV then the 

potential was cycled within the same ranges at 50mV/s voltage scan rate.     

4.6.5. Load cycle test to assess Pt-corrosion  

Potential cycles accelerate Pt corrosion significantly. However, it is highly depending on 

the particle sizes of Pt, operating temperature, pH, voltage scan rate and potential 

ranges. A square wave and a triangular wave potential cycle are generally 

recommended [101]-[105]. In this work, a triangular wave potential cycle in three 

electrode system was chosen to perform the test.  

Experimental setup and procedure 

The measurements were performed in a three electrode setup using Zahner IM6 

potentiostat at 25°C in 0.5M H2SO4 (Sigma Aldrich) solution (see Figure 31).  

 

Figure 31: Zahner IM6 potentiostat 
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Working Electrode 

The working electrode (WE) is the electrode in an electrochemical system on which the 

reaction of interest is occurring. The working electrode was prepared by placing 15µl ink 

on glassy carbon disk and dried in open air. The ink was prepared by stirring 5 mg of 

catalysts per ml of solvent (0.05 wt% nafion in 50 vol% acetone in water) for 2 minutes 

followed by sonicating in an ultrasonic bath for 15 minutes and additionally stirred for 2 

minutes before pipetting out the ink with a micro pipet (Corning Lambda plus). 

Counter Electrode  

The counter electrode (CE) is used to close the current circuit in the electrochemical 

cell. CE does not participate in the electrochemical reaction.  It is usually made of an 

inert material (e.g. Pt, Au, graphite, glassy carbon). As the current is flowing between 

the WE and the CE, the total surface area of the CE (source/sink of electrons) must be 

higher than the area of the WE so that it will not be a limiting factor in the kinetics of the 

electrochemical process under investigation. In this work, a Pt wire has been used as 

CE for all measurements.  

Reference electrode 

The reference electrode (RE) is an electrode which has a stable and well-known 

electrode potential.  RE is used as a point of reference in the electrochemical cell for the 

potential control and measurement. A Hg/HgSO4 reference electrode has been used to 

perform the test.  

 

Figure 32: Experimental setup for load cycle test (a) glassy carbon disk (b) Working electrode (c) three 

electrode cell and (d) schematic of three electrode setup 

The experimental setup of the test was the same as shown in the Figure 32. The 

measurement was performed step by step. Initially, WE potential was cycled between 

50mV and 1.2V at 100mV/s scan rate until getting a reproducible CV. Then, the WE 
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potential was cycled within the same range but at 50mV/s scan rate to determine the 

ECSA of the catalyst. And finally, it was cycled between 0.6V and 1.0V at a scan rate of 

50mV/s to accelerate Pt corrosion (see Figure 33). After 500, 1000, 5000, 10000 and 

then every 5000 load cycles until 40000 load cycles, the WE potential were cycled 

between 0.05V and 1.2V at a scan rate of 50mV/s to determine the ECSA 

 

Figure 33: Load cycle test protocol (left)[106]  to assess Pt-corrosion stability,  CVs (right) were recorded 

for ECSA (green line) and for load cycle (blue line) in 0.5M H2SO4 at room temperature at 50mV/s voltage 

scan rates  

 

4.6.6. Potential cycle test to assess support corrosion 

A simulated start-stop cycle of the supported catalyst was performed to accelerate 

supports corrosion.  

 

Figure 34: Potential cycle test protocol (left) [101] to assess support stability, CVs (right) were recorded 

for ECSA at 50mV/s scan rate (green line) and for potential cycle test at 500mV/s scan rate (blue line) in 

0.5M H2SO4 at 25°C  
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The experimental setup and electrode preparation of three electrode system was the 

same as load cycle test (see 4.6.5).  Initially, the WE potential was cycled between 

50mV and 1.2V at 100mV/s scan rate until getting a reproducible CV. Then the testing 

was carried out with potential cycling between 1.0V and 1.5V at a scan rate of 500mV/s 

(see Figure 34). After 500, 1000, 5000, 10000 and then every 5000 potential cycles until 

70000 potential cycles, potential were cycled between 0.05V and 1.2V at a scan rate of 

50mV/s to determine the ECSA 

4.6.7. ORR activity using RDE 

Rotating disk electrode (RDE) is a simple way to find out the activity of Pt catalysts; 

however the results are highly sensitive to chemical purity, ink preparation method, 

quality of the Pt/C thin-film on the RDE electrode, voltage scan rate and appropriate 

data corrections [108]-[122].  In this work, the ORR activities of the catalysts were 

measured via RDE. The experimental procedure and setup was very similar as 

described by H.A. Gasteiger et.al [119]. 

Preparation of catalytic active thin film electrodes 

Electrodes were prepared by two different ways; one in which solvent for the ink was 

0.02 wt% nafion in 50 vol% acetone in ultrapure water and the Pt loading was 2µg and 

other in which solvent for the ink was 0.02 wt% Nafion in 80 vol% IPA in ultrapure water 

and the Pt loading was 0.8µg. In both cases, 10 mg of each catalyst was suspended in 

5ml of solvent and then stirred for 2 minutes. The mixture was then sonicated in an 

ultrasonic bath for 15 minutes and then additionally stirred for 2 minutes. 2µg or 0.8µg 

Pt equivalent suspension was then pipetted out from the mixture using a micropipette 

(VWR) and was placed on a gold rotating disk electrode (5mm outer diameter) followed 

by drying at 20RPM by inverting the rotating shaft of the RDE (see Figure 35). 

 

Figure 35: Micro pipette (left) and drying of working electrode by inverting the rotating shaft (right) 
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Rotating disk electrode (RDE) setup 

The measurements were performed in a three electrode setup using Pine instrument 

potentiostat while oxygen saturated 0.1M HClO4 solution was used as electrolyte. A 

reversible Hydrogen electrode (Hydroflex from gaskatel) was used as reference 

electrode (RE) and Pt wire as counter electrode. 80ml of 0.1M HClO4 solution was 

taken in an electrochemical cell (Gamry) and CE, RE and WE were assembled as 

shown in Figure 36.   

 

Figure 36: Experimental setup (a) three electrode setup (b) rotation control device and (c) pine 

potentiostat with control and data logging system (laptop) 

Initially, working electrode potential was cycled between 50mV and 1.2V at 100mV/s 

voltage scan rate until getting a reproducible CV while gentle flow of oxygen gas was 

allowed to pass through the electrolyte to get O2 saturated electrolyte simultaneously. 

Then the potential was cycled within the same window at 50mV/s scan rate at different 

rotational rates, for example 100, 200, 400, 900 and 1600 RPM. After that N2 gas was 

allowed to pass through the electrolyte to make it O2 free and then CV was performed at 

50mV/s. This CV was used to correct background current. 

4.7. Characterization of the catalyst support materials 

In this section the tools that were used for characterizing the catalyst support materials 

will be discussed.  

4.7.1. BET surface area measurement  

The BET (Brunauer, Emmett, and Teller) isotherm is a useful tool for determining the 

surface area of materials (already discussed in section 3.2.9).  The BET isotherm theory 
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was implemented in a Sorptomatic 1990 instrument to determine the surface areas of 

the catalyst supports where N2 gas was used as adsorbent. The BET areas of the 

materials were calculated by using Sorptomatic Advanced Data Processing software. 

 

Figure 37: Sorptomatic 1990 instrument 

4.7.2. Electrical conductivity measurement  

A four point’s measurement device was implemented to determine the electrical 

conductivities of the materials (see Figure 38).  

 

Figure 38: Four point’s conductivity measurement: (1) top part of sample holder (2) bottom part of sample 

holder (3) closed sample holder (4) thickness measuring device (5) handle for hand pressing (6) applied 

pressure measuring device and (7) wiring with four points 

Initially, two parts of the sample holder were pressed at about 2 kN using the screwing 

system and set the thickness measuring device to zero. After that powder sample was 

placed in to the sample holder and pressed at the same pressure as without sample. 



50 

 

The thickness of the pressed material was measured at the same time. The internal 

diameter of the sample holder was 12.5mm. The internal resistance and eventually 

conductivity of the material was determined by passing AC current through the pressed 

sample and by measuring the voltage using a Versastat 4 potentiostat.  

The electrical resistivity (ρ) followed by conductivity is then calculated by using the 

following equations: 

ρ 									and								σ            ………….. eq. (32) 

Where, R is the electrical resistance of a uniform specimen of the material (in Ω), l is the 

length of the piece of material (in m), A is the cross-sectional area of the specimen (in 

m2) and σ is the conductivity of the specimen (in S/m). 

4.7.3. Surface morphology with using SEM 

SEM analysis of the 5at% Sb (in Sn) doped SnO2 before and after calcination was 

conducted for visualizing surface morphology of the material. A Zeiss SEM/FIB NVision 

40 was used for measurements. The two important types of signals produced by a SEM 

for imaging are the secondary electrons (SE) and the back-scattered electrons (BSE) as 

already mention in section 3.2.5. A SE imaging mode with a SE2 detector were used for 

measurement where the reachable resolution were 200nm at 5kV.   

4.7.4. Elemental composition with using SEM-EDX 

As EDX facility is available with the SEM instrument (Zeiss SEM/FIB NVision 40) the 

elemental composition of the ATO were measured during SEM measurement. An 

Oxford Instruments integrated X-ray sources were used with SEM.  

4.8. Preparation of membrane electrode assembly and PEMFC single cell  

The manufacturing procedure of Membrane electrode assembly (MEA) and PEMFC 

single cell will be discuss here. 

Membrane conditioning 

Membranes (Nafion112 from Ion power, 50µm) were cut into pieces (7.5cm x 7.5cm) 

and then were subsequently heated at 90°C for 1h in 3wt% H2O2 solutions to remove 

organic contaminants, 1h in ultrapure water, and finally 1h in 0.5M H2SO4 for full 

protonation. The conditioned membranes were then stored in 0.5M H2SO4 solution until 

use. Before spraying, membranes were heated twice at 90°C in ultrapure water for 30 

minutes each times, framed and dried at 80°C for 1h in an air oven. 

 



51 

 

Ink preparation  

Ink for the electrodes was prepared by stirring the required amount of catalysts, 

ultrapure water and Nafion® solution (20wt%, D2021 Ion power) for 4 hours. For 

example, 500 mg of the catalyst, 2.5 g of ultrapure water and 1.5 g of 20wt% Nafion® 

solution was taken in a vial with magnetic stirrer bar and then stirred for 4 hours to get 

37.5wt% Nafion® in the dry electrodes. The amount of ionomer is needed for each ink 

is depends on the required composition of the dry electrodes. The water addition was 

always varied with the types of supported catalysts depending on flowing properties of 

the ink through the spray nozzle.  

Electrode preparation  

The electrodes with 25 cm2 catalyst surface areas and with 0.3 mg/cm2 Pt loading in 

both of anode and cathode were prepared by spraying the ink on the framed membrane 

in multiple layers using pressurized air. Inks were sprayed on to the framed membrane 

layer by layer and dried till getting the desired amount of Pt loading. The electrodes 

were then hot pressed just above the glass transition temperature of the membrane to 

improve the electronic conductivities of the electrode and to increase the ionic 

conductivity of the membrane. Initially, this was done at 140 °C and 200bar pressure for 

4 minutes using Enerpac (Model P84) pressing device (see Figure 39).  After that, the 

applied pressure was optimized between 50bar and 200bar, and 100bar was chosen as 

optimum. Two Teflon sheets were used above each electrode during hot pressing to 

protect the ionomer in the electrode since Nafion® does react with /corrode the metal 

plates of the press.  

    

Figure 39: Ink spraying on the framed membrane with air brass (left) and MEA hot pressing (right) 
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PEMFC single cell setup 

MEAs were assembled in a standard Fuel Cell Technologies housing having an active 

area of 25cm2. The cell is consists of gas inlets, gas out lets, graphite bipolar plates with 

triple serpentine flow fields, current collectors and end plates (see Figure 40).   

 

Figure 40 : Fuel cell technology single cell housing 

The electrodes were sandwiched between two gas diffusion layers (25BC, SGL group) 

in the cell.  Teflon sheets of different thickness (i.e. 50µm-150µm) were used as seals. 

The cell has 8 bolts, 5Nm torque per bolts were applied to make the system leakage 

free. At this torque each GDL(  ̴ 225 µm thickness) was compressed by about 20% 

therefore sealants were chosen carefully to ensure uniform thickness of the cell.  Figure 

41 is showing the half-cell during assembling (left) and the complete cell after 

assembling (right). The cell after assembling was placed to a Green light innovation 

single cell test bench for leakage and performance testing. 

 

Figure 41: MEA assembling: half cell (left) and complete cell (right) 

 



53 

 

4.9. PEMFC single cell test 

The green light innovation test bench was operated by Emerald Software. Figure 42 

shows PEMFC single cell Green Light Innovation test bench.  

 

Figure 42: Green light test station with single cell setup and wiring flow diagram (top) 

 

Figure 43: Green light test station wiring flow diagram  
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The leakage test was performed by closing the outlet of each side (anode/cathode), air 

was flowed through the inlet at a flow rate of 0.05Nl/min until the pressure reached to 

500mbar (50KPa) and then measured the pressure drop per minutes by cutting of air 

flow. If the pressure drop of each side was below 10mbar/min, the system was 

considered as leakage prof and could be used for performance test. The pure hydrogen 

and air were used as fuel and oxidant in the anode and the cathode respectively. The 

MEAs were conditioned for several hours until getting the constant voltage at specific 

load current then measured the performance to plot the well-known polarization curve. 

The wiring diagram for the test is shown in Figure 43.  

 

Figure 44: A typical MEA performance testing procedure (start up, conditioning and polarization curve) 

where the  primary y-axis is showing the electrical load (green), cell temperature (orange),  inlet 

pressures of anode (blue),  inlet pressures of cathode (black) and the secondary y-axis is showing the 

corresponding voltage (red line). 

Figure 44 is showing a typical PEMFC single cell test procedure in which the first 100 

minutes corresponds to the start-up of the cell,  about 100-1100 minutes corresponds to 

the conditioning and the last parts of about 1100-1200 minutes corresponds to the 

polarization curve measurements.  The conditioning times were kept constant (about 

5hours) for every MEAs before performing the polarization curve.  I-V characteristics 

curves were plotted from taking last 30 seconds average voltage values of each 

measurement points of the polarization curve during descending and ascending of 

electric loads. Chart tools software was used to do this.  
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The first sets of MEAs were tested under the operating conditions 1 and the second 

sets of MEAs were tested under the operating conditions-2 as listed in Table 3.  

Table 3 : MEA testing conditions 

Parameters 
Operating 

conditions 1 
Operating 

conditions 2 

Fuel cell temperature 76°C 78°C 

Anode gas dew point 50°C 80°C 

Anode gas inlet temperature 75°C 82°C 

Cathode gas dew point 69°C 80°C 

Cathode gas inlet temperature 77°C 82°C 

Anode stoichiometry (H2) 1.43 1.08 

Cathode stoichiometry (Air) 4.0 3.2 

Minimum current for gas flow  10A 10A 

Anode gas pressure 200kPa 200kPa 

Cathode gas pressure 200kPa 200kPa 

 

4.10. Electrochemical impedance spectroscopy (EIS) measurement   

Electrochemical impedances of some of the MEAs were performed to investigate the 

contribution of MEA impedance on the performance of the single fuel cell at different 

current densities.  A Zahner P241 potentiostat together with Greenlight innovation test 

bench were used to conduct the test. The cell temperature, reactants flow, inlet and 

outlet pressures, dew point and inlet temperature of the reactants were controlled by the 

Greenlight test bench while load current and impedance measurement were controlled 

by Zahner P241 potentiostat.  The measurements were performed just after single cell 

performance test in every case. Figure 45 shows the instrumental setup of the 

electrochemical impedance spectroscopy (EIS) measurement.    
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Figure 45: Setup for the electrochemical impedance spectroscopy measurements of PEMFC single cell 
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5. Results and discussions 

The main objective of this work was to investigate corrosion resistance cathode catalyst 

supports for PEMFC. In this section, the experimental results will be discussed. 

5.1. Development of a robust synthesis process of Pt-nanoparticles 

Synthesis robustness is essential to investigate supports as well as catalysts durability 

in PEMFC. The synthesized catalysts that were obtained from different synthesis routes 

were characterized by measuring Pt particle size via XRD. In this section the synthesis 

robustness of each process will be discussed. 

5.1.1. Formaldehyde Reduction (FR) process  

Figure 46 shows the XRD patterns of the catalysts which were synthesized via   

formaldehyde reduction process by varying process parameters as already discussed in 

the experimental parts (see section 4.1.1). The first peak at 2Θ value of 25° is belongs 

to carbon, and other responses at 39°, 46°, 68°, 81°and 85°corresponding to Pt(111), 

Pt(200), Pt(220), Pt(311) and Pt(222) plane respectively. This is a characteristic well-

shaped peaks behavior describes that the Pt crystallites are cubic [26].  

 

Figure 46:  XRD patterns of the catalysts synthesized via formaldehyde reduction process 

The particle sizes of Pt were measured from the XRD data via Topas software using 

Lorentzian and LVol-IB model. The average Pt particles size measured via Lorentzian 

model was slightly bigger than the LVol-IB model; however we followed the larger one 

(Lorentzian model) until getting the comparative results from TEM measurements.  

The first synthesis (sample S0000) met the target of ≤5nm Pt particle size but it was not 

reproducible as shown in the 2nd and 3rd synthesis number in Table 4. Therefore a 
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series of syntheses have been performed with varying process parameters to meet the 

target. 

Table 4:  Measured particle size of Pt of catalysts synthesized via FR process 

Synthesis 
Number 

Sample 
Name 

Cell Volume 
(Å^3) 

Lattice parameters 
a (Å) 

Particle size 
of Pt (nm) 

Lorentzian LVol-IB 
1 S0000 59.96 ± 0.57 3.9139 ± 0.007 5.2 ± 2.7 3.3 ± 1.7 

2 S0001 59.96 ± 0.14 3.9139 ± 0.003 11.8 ± 2.3 7.5 ± 1.4 

3 S0007 59.86 ± 0.18 3.9119 ± 0.004 12 ± 3.3 7.6 ± 2.1 

4 S0008 59.87 ± 0.21 3.9120 ± 0.005 8 ± 1.5 5.1 ± 0.9 

5 S0011  60.27 ± 0.10 3.9207 ± 0.002 18.2 ± 2.8 11.6 ± 1.8

6 S0013 60.03 ± 0.27 3.9156 ± 0.006 7.4 ± 2.2 4.7 ± 1.4 

7 S0014 59.94 ± 0.24 3.9135 ± 0.005 6.4 ± 1.4 4.1 ± 0.9 

8 S0019 59.79 ± 0.54 3.9102 ± 0.012 5.6 ± 2.5 3.6 ± 1.6 

 

5.1.2. Modified Polyol (MP) process  

Several syntheses were conducted via modified polyol process. The XRD patterns of 

the catalysts are shown in Figure 47.  

 

Figure 47: XRD patterns of the catalysts synthesized via modified polyol process 

The responses of peaks are in the same areas as formaldehyde reduction process. 

Thus Pt particles are cubic in nature. The syntheses processes were carried out by 
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varying temperature; pH and dilution to get the optimum (see Table 5 ). First three 

syntheses were conducted by varying temperature between 120°C and 140°C. The 

obtained particle sizes of Pt were not as small as expected but they were more uniform 

(see Table 5). The reductions of particle sizes of Pt were results by varying pH (sample 

S0012) and dilution (sample S0016). When these two parameters were changed 

together, the result was similar as the pH effect (sample S0021). Among all of the 

samples, S0015 met the requirements bests. Same particle size of Pt was obtained 

when the batch quantity was increased from 2g (S0015) to 5g (S0024). 

Table 5: Measured particle size of Pt of catalysts synthesized via MP process 

Synthesis 

Number 
Sample 

Name 

Batch 

Qty.(g) 

Total 

V (ml)

pH T(M) 

°C 

T(H)

°C 

Pt particle size , nm 

Lorentzian LVol-IB 

1 S0004 10 500 - 130 -- 9.4 ± 0.8 6 ± 0.51 

2 S0009 10 500 1.6 120 -- 9.1 ± 0.9 5.8 ± 0.57

3 S0010 10 500 1.5 140 -- 8.8 ± 0.8 5.6 ± 0.54

4 S0012 10 500 11 120 -- 5.6 ± 1.4 3.5 ± 0.84

5 S0015 2 460 1.5 120 -- 5.1 ± 2.7 3.2 ± 1.71

6 S0016 2 500 2.1 -- 130 5.5 ± 7.2 3.5 ± 4.5 

7 S0021 2 500 11 120 -- 9.7 ± 1.2 6.2 ± 0.78

8 S0024 5 500 1.5 120 -- 4.2 ± 1.2 3.1 ± 0.79

5.1.3. Synthesis via Sulfito-complex route (SC)  

Two consecutive syntheses were performed via this sulfito-complex route (SC). The 

particle sizes of Pt were measured as 19 nm and 18 nm via XRD. By this synthesis 

process not only gets larger particle size of Pt but also higher process losses due to the 

two-step synthesis process.  A portion of Pt was washed away during filtration of sulfito-

complex which was confirmed by measuring Pt content on the filtrates via ICP-OES 

analysis.    

5.1.4. Sodium Dithionate Reduction process (SDR) 

By using Sodium dithionate reduction process two syntheses were conducted. In both 

cases, the catalyst contains chloride ions, even after washing the samples with hot 
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milipure water for several times. Another disadvantage of this method is the loss of Pt 

during washing is about 50%. There was no detectable Pt peak was observed in XRD 

patterns (see green color in Figure 48). This could be due to the waste of entire Pt 

during the process.     

 

Figure 48: XRD patterns of the catalysts obtained from different synthesis processes; black for FR, yellow 

for MP, blue for SC, green for SDR, pink for polyol and red color for IPA-FR processes 

5.1.5. Polyol process 

Only one synthesis was performed via polyol process, the particle size of Pt was 

measured as 12nm. The XRD pattern of the sample is shown in Figure 48 (pink color).  

5.1.6. Isopropanol - Formaldehyde Reduction (IPA-FR) process 

This process did not meet the target since the synthesized catalyst particle size was 

9nm and entire Pt was not deposited on the carbon black support (high loss). The red 

color in the Figure 48 shows the XRD pattern of the catalyst.    

5.1.7. Modified polyol process with ammonia solution 

The process was unsuccessful since no Hup current was observed while taking CV in 

0.5M H2SO4 solution. Therefore XRD measurement was not conducted using this 

sample.  

Among all of the investigated synthesis process, formaldehyde reduction (FR) and 

modified polyol (MP) met the target ≤5nm particle size of Pt. As two of the synthesis 

process met the target, we should have to choose one and this was done by 

investigating synthesis robustness and by characterizing synthesized catalysts will be 

discussed in the next section.  
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5.2. Selection of robust synthesis process of Pt-nanoparticles 

Three consecutive syntheses were conducted via formaldehyde reduction and modified 

polyol synthesis processes using the optimum process parameters of each process in 

order to find the synthesis robustness between them. Then the comparative 

characterizations of the obtained catalysts were performed.  

Pt content  

In both synthesis techniques, target was to get a CB supported Pt electrocatalyst of 

20wt% Pt content. Actual amounts of Pt in the synthesized catalysts were determined 

using ICP-OES analysis. Two samples of each synthesis process have been analyzed. 

Table 6 displays the actual composition of the catalysts which were synthesized via FR 

and MP process.   

Table 6 : Reproducibility of synthesis processes in terms Pt contents 

Synthesis 
process 

Sample name Pt content in 
wt% 

FR S0020 18.5 ± 0.19 
FR S0025 19.1 ± 0.57 
MP S0024 18.4 ± 0.75 
MP S0031 18.4 ± 0.58 

 

Pt-particle size  

The FR catalysts are showing higher variation of Pt particle sizes (via XRD) than the MP 

catalysts as shown in Figure 49. Therefore, the reproducibility of the synthesis process 

in terms of particle size of Pt of MP process was found to be higher than FR process. 

 

.   

Figure 49:  Comparison of particle size of Pt of the catalysts synthesized via FR and MP process 
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TEM analysis 

Transmission electron microscopy (TEM) analysis of a FR catalyst and a MP catalyst 

were carried out in order to compare distribution of Pt nanoparticles on CB support. 

Figure 50 shows the homogeneous distributions of the Pt particles in the MP catalyst 

(green color) between 3nm and 5nm (average 3.9nm) whereas FR catalyst (blue color) 

are wide ranges of distribution (average 2.7nm). It should be noted that the crystallite 

size of FR and MP samples were respectively measured via XRD as 3.04nm ± 3.27nm 

and 3.2nm ± 1.71nm using LVol-IB model and 4.8nm ± 5.1nm and 5.1nm ± 2.7nm using 

Lorentzian model. Thus LVol-IB model calculates an average particle size via XRD 

more consistent to the TEM-results. 

 

      

Figure 50: TEM images of (a) formaldehyde reduction (18.5wt%Pt on CB) and (b) modified polyol 

(18.4wt%Pt on CB) catalysts on carbon black support 

 

Electrochemical surface area (ECSA) 

Figure 51 shows the average ECSA of the FR catalyst in 0.5M H2SO4 solution in three 

electrode system is higher than the MP catalyst.  However the variations of the ECSA of 
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the FR catalysts were high. This can be due to the effect of variation of Pt particle size 

distribution. Thus, a better reproducibility of ECSA is achieved with the MP process.   

 

Figure 51:  ECSA of the FR and MP catalysts in 0.5M H2SO4 solution at 50mV/s voltage scan rate at room 

temperature, WE:  62µg Pt on glassy carbon, CE: Pt wire and RE: Hg/HgSO4  

 

Oxygen Reduction Reaction (ORR) activity 

The ORR activities of a FR catalyst and a MP catalyst were measured via rotating disk 

electrode (RDE). The method was already described in 4.6.7. The Pt loadings were 

2.0µg in both cases. We can compare the ORR activities of the catalysts by two 

different ways; the first is independent of catalyst loading, however in the second case, 

exact quantity of catalyst loading in the working electrode is needed. In the first case, 

measurements need to conduct at different rotational rates (see lower part of Figure 52) 

and need to plot a corresponding Koutecky-Levich Plot at specific applied potential (see 

upper part of Figure 52). The ORR activities then can be calculated from the kinetic 

current as A/g-Pt [101].  

In the second case, measurement should be performed at specific rotational rates (for 

example 1600RPM) and then compared the limiting current of the catalysts. The mass 

activities of both of the catalysts were compared using both techniques. In this work, the 

Koutecky-Levich Plots were plotted from the data avoiding 2500 RPM and 100 RPM. 

Since the loss of oxygen from the electrolyte at 2500 RPM was too high (also the 

maximum rotation limit of RDE) and the reaction kinetics at 100 RPM was too slow. The 

ORR activity of a commercial Tanaka catalyst (18.5wt% Pt) was also measured by the 

same way as the synthesized catalyst for comparison.  
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Figure 52:  Typical ORR activities (lower part) and corresponding Koutecky-Levich Plot (upper part) of a 

CB supported catalyst at different rotational rates in 0.1M HClO4 at 50mV/s scan rate at room 

temperature.  

Figure 53 shows the mass activity (at 0.9V vs RHE) of the FR catalyst is higher than the 

MP catalyst. However, for the specific activities, the opposite’s results were found. This 

could be due to the better distribution of particle size of Pt and/or the more active sites 

of Pt within the MP catalyst. The ORR activities of both the synthesized catalysts are 

found higher than the reference Tanaka (TK-20) catalyst. 
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Figure 53: ORR activities at 0.9V vs RHE of the FR (orange), MP (blue) and Tanaka (purple) catalysts in 

0.1M HClO4 at 50mV/s scan rate at room temperature and at 2µg Pt loading on RDE 

In addition, the ORR activities of both of FR and MR catalysts were compared with a 

reference Tanaka catalysts at 1600RPM (see Figure 54). At 0.9V the measured limiting 

currents are 0.428mA, 0.399mA and 0.411mA for FR, MP and Tanaka catalysts 

respectively. 

 

Figure 54 :  Comparison of ORR activities of the Tanaka (purple), FR (orange) and MP (green) catalysts 

in 0.1M HClO4 at 1600 RPM, at 50mV/s scan rate at room temperature and at 2µg Pt loading on RDE 
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Pt corrosion (Load Cycle Test) 

Since the durability of a catalyst is highly depending on Pt-particle size, load cycling 

tests for Pt corrosion of both of the catalysts were performed. The procedures were the 

same as already mentioned in the experimental section 4.6.5 except the Pt loading in 

the working electrodes.  65 µg Pt loading were used in here.  

Figure 55 shows that the ECSA survival rate of the MP catalyst (75%) is slightly higher 

than the FR catalyst (71%) after 30,000 load cycles. This means the dissolution of Pt is 

lower for the MP catalyst than for that of the FR catalyst. This can be due to the wide 

distribution of particle sizes in the FR catalyst as already seeing in TEM images (see 

Figure 50). The corresponding changes of ECSA are also shown in Figure 55 (in 

secondary Y-axis). 

 

Figure 55:  Comparison of durability of Pt (in terms of ECSA survival rate) in FR (orange) and MP (blue) 

catalysts during load cycle tests between 0.6 and 1.0 V vs. RHE at 50mV/s voltage scan rate at room 

temperature in 0.5M H2SO4 electrolyte, working electrodes were 62µg Pt loading on glassy carbon disk, 

counter electrode was Pt wire and reference electrode was Hg/HgSO4  

 

On the basis of the average particle size of Pt, the ECSA, the homogeneity of Pt-particle 

sizes, the distribution of Pt particles within the catalysts, the ORR activities and the 

catalyst durability’s, the modified polyol process was found as a robust synthesis 

process of Pt nanoparticles. Therefore this synthesis process was chosen for deposition 

of Pt nanoparticle on other supports to be investigated.  
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5.3. Optimum annealing conditions for the supported Pt-catalysts  

As already mentioned in the experimental section 4.2, two sets of catalysts were 

annealed in two different ways. After annealing they were characterized and compared 

the results in terms of changing of ECSAs, ORR activities and durability’s before and 

after annealing process. Although Modified polyol synthesis process was chosen as a 

reference process for synthesis of Pt on other supports, together with MP catalysts, FR 

catalysts were also chosen for optimizing annealing conditions to check the consistency 

of the results.   

5.3.1. Characterization of the annealed FR catalysts  

Pt content 

When annealing the catalysts mass losses were observed. This can be due to the loss 

of moisture from the catalyst, volatile materials and/or decomposition of the carbon 

black support at elevated temperature in inert atmosphere. Therefore after the 

annealing process, the compositions of the catalyst were changed which were ensured 

by ICP-OES analysis as shown in Table 7. The mass losses up to an annealing 

temperature of 500°C are low which could be due to the losses of moisture only. The 

high losses of masses at high annealing temperature could be the effect of both of 

moisture and decomposition of carbon black. Thus annealing temperatures higher than 

600°C are not favorable. 

Table 7:  Pt contents in the annealed catalysts 

Sample Name Annealing temperature °C Mass loss in % Pt content in% 
FR -- - 18.5  ± 0.6 

FR-300 300 4 18.9  ± 0.2 
FR-400 400 3.9 18.9  ± 0.7 
FR-500 500 4.8 19.2  ± 0.1 
FR-600 600 6.2 19.1  ± 0.3 
FR-700 700 9 20.4  ± 0.6 
FR-800 800 14.2 21.4  ± 0.9 
FR-900 900 29.1 26.3 ± 0.6 

 

TEM image 

A non-annealed and an annealed FR catalyst were subjected for TEM imaging. Figure 

56 shows their comparative TEM images. Some of the smaller particles were 

recrystallized and became larger after annealing at 500°C.  
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The average Pt particle size before annealing was measured as 3.1nm which was 

increased to 4.7nm after annealing at 500°C. In addition few Pt particles larger than 

10nm were also produced by agglomeration.  

 

  

Figure 56: TEM images (10nm scale) and distribution of particle sizes of Pt of FR catalyst (a) before 

annealing and (b) after annealing at 500°C 

 

ECSA  

Figure 57 shows that the ECSA of the annealed catalysts are decreasing with 

increasing annealing temperature. This could be due to the increase of the Pt particle 

sizes with elevated annealing temperature. There are only small decreases of ECSA 

between 300°C and 600°C annealing temperature; however, more than 50% of ECSA 

was lost between 700°C and 800°C from the initial ECSA.       
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Figure 57: ECSA of the FR catalysts in 0.1M HClO4 solution at 50mV/s at room temperature, working 

electrodes were 3µg Pt loading on RDE, counter electrode was Pt wire and reference electrode was RHE  

Pt-corrosion (load cycle test)  

Figure 58 shows, as expected the ECSA survival rates with load cycle tests between 

0.6V and 1.0 V vs. RHE at 50mV/s voltage scan rate at room temperature in 0.5M 

H2SO4 electrolyte were increased with increasing the annealing temperature due to 

increase of particle size of Pt. After 26000 cycles, the ECSA-SR of the non-annealed 

catalyst (79%), and the catalyst annealed at 300°C (78%) and 500°C (78%) are the 

same. Whereas it was increased as the annealing temperature was increased.  

 

Figure 58:  Comparison of stability of Pt (in terms of ECSA survival rate) of FR catalysts after 26000 

cycles load cycle tests between 0.6V and 1.0 V vs. RHE at 50mV/s voltage scan rate at room 

temperature in 0.5M H2SO4 electrolyte.; blue color is for non- annealed catalysts and orange, gray and 

light green are for catalysts annealed at 300°C, 500°C and 600°C respectively. 
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Support corrosion (potential cycle test) 

To investigate the change of the support durability of the annealed catalysts, potential 

was cycled between 1.0V and 1.5V Vs RHE at a scan rate of 500mV/s at room 

temperature in 0.5M H2SO4 while using 65 µg Pt loading on the working electrode, Pt 

wire as counter electrode and Hg/HgSO4 as reference electrode.  

 

 

Figure 59: Comparison of supports durability (in terms of ECSA survival rate) of FR catalysts during 

potential cycle tests between 1.0V and 1.5 V vs. RHE at 500mV/s voltage scan rate at room temperature 

in 0.5M H2SO4 electrolyte. Blue color is for non- annealed catalysts and light green, pink and brown colors 

are for catalysts annealed at 600°C, 700°C and 800°C respectively.   

Upper part of the Figure 59 shows that the ECSA survival rate of the catalyst is 

increasing, if the temperature for the annealing process is elevated. This can be due to 

the growth of particle size of Pt and the changes of surface structure of the support at 

high temperature. Lower part of the Figure 59 shows that the initial ECSA of the 

annealed catalyst is decreasing with increasing annealing temperature due to the 

increase of particle size of Pt by recrystallization.  The changes of ECSA survival rate of 
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the non- annealed catalyst and the catalyst annealed at 600°C are almost the same. 

Therefore the potential cycle tests of the catalysts which were annealed below 600°C 

were not conducted. 

5.3.2. Characterization of the annealed MP catalysts 

Due to the experience gained from annealing FR-type catalysts, the catalysts obtained 

from MP process were annealed at comparatively lower temperature than the FR 

catalysts (see section 4.2).   

Pt content 

In this case, the mass losses after annealing were very small, thus only slight changes 

of compositions of the catalysts were observed (see Table 8). We can expect those 

small changes came only from moisture or/and from volatile matter such as left over 

ethylene glycol coming from synthesis process.    

Table 8 : Weight losses and changes of Pt contents due to annealing process 

Sample Name Annealing temperature °C Mass loss in % Pt content in% 
MP -- - 18.4 ± 0.58 

MP-150 150 1.48 18.6 ± 0.05 
MP-250 250 1.82 18.7 ± 0.6 
MP-300 300 1.7 18.9 ± 0.12 
MP-350 350 1.73 18.9  ± 0.38 
MP-450 450 1.68 18.8 ± 0.49 
MP-550 550 2.06 18.8 ± 0.40 

 

Electrochemical measurements (CV, ECSA and ORR activity)  

As mentioned before ORR activities of the catalysts were measured via RDE in 0.1M 

HClO4 solution with two different Pt loadings (2µg and 0.8µg). In that case 2µg Pt 

loading was used. After getting the reproducible CV in RDE setup, CV is taken for each 

case to determine the ECSA. There are no significant changes of CVs are observed 

between non-annealed (MP) and the annealed at 150°C (MP-150) catalysts as shown in 

Figure 60. The changes are mainly observed at the annealing temperature higher than 

150°C. The ECSA of the catalysts are changes accordingly (see Table 9). 

Table 9: ECSA of the MP catalysts before and after annealing process 

Sample 
Name 

MP MP-150 MP-250 MP-300 MP-350 MP-450 MP-550 

ECSA 
(m2/g-Pt) 

93 95 75 78 74 75 72 
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Figure 60: Changes of CV patterns of the MP catalysts before and after annealing in 0.1M HClO4 at 

50mV/s voltage scan rate at room temperature while Pt loading were 2µg on RDE 

Figure 61 shows the mass activities (MA) of the catalysts (at 0.9V vs RHE) are almost 

stable until 250 °C, the annealing temperature and then are decreased. The figure also 

shows the comparative specific activities of the catalysts where MP-250 is showing the 

highest specific activities (470µA/cm2-Pt) even higher than the non- annealed catalysts 

(416 µA/cm2-Pt).     

 

Figure 61: ORR activity of the MP catalysts at 0.9V vs RHE before and after annealing in 0.1 M HClO4 at 

50mV/s voltage scan rate at room temperature while Pt loading were 2µg on RDE 
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Pt corrosion (Load cycle test)  

The ECSA survival rate is increasing with the annealing temperature (see Figure 62). 

The highest ECSA survival rate has been found of the catalyst annealed at 250°C (MP-

250) after 25000 load cycles between 0.6V and 1.0V vs RHE at room temperature at 

50mV/s scan rate in 0.5M H2SO4.   

 

 

Figure 62: Comparison of stability of Pt (in terms of ECSA survival rate) of MP catalysts after 25000 

cycles load cycle tests between 0.6V and 1.0V vs. RHE at 50mV/s voltage scan rate at room temperature 

in 0.5M H2SO4 electrolyte.; gray color is for non- annealed catalysts and blue and orange colors are for 

catalysts annealed at 250°C and 350°C respectively 

 

On the basis of changing of ECSA, particle size of Pt, ORR activities and degradations, 

250°C was chosen as an optimum annealing temperature for all of the supported 

catalysts to be synthesized subsequently.         
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5.4. Characterization of support materials for Pt-catalyst  

As already mentioned before, together with a CB, non-carbon supports were selected 

for investigation. The electrical conductivity which thought to be the most essential 

property of non-carbon base supports was measured first for all of the synthesized 

supports. It was measured as 3.5 x10-8 S/cm and 9.3 x 10-6 S/cm for the synthesized Nb 

doped SnO2 (NTO) before and after calcination respectively, whereas the CB was 

measured as 2.6 S/cm.  Therefore, it was not selected as supports for deeper 

investigation.  

Similar results as NTO have been found for Sb doped SnO2 (ATO) while using the 

synthesis procedure-1 (see Table 10). However, ATOs that were synthesized via co-

precipitation process (synthesis procedure-2) showed reasonable electrical 

conductivities after calcination.  

Table 10: Conductivities of the ATOs before and after calcination 

Sample  

name 

Sb 

(in Sn) 

in at% 

Conductivity in S/cm 

Calcination temperature 

Without  

calcination 400°C 500°C 600°C 

700°C 

Synthesis procedure - 1 

ATO-0.5Sb 0.5 6.4E-08 - 6.3E-08 - - 

ATO-1Sb 1 - 1.9E-09 - - - 

ATO-2Sb 2 4.2E-06 5.8E-09 - - - 

ATO-5Sb 5 6.3E-08 3.9E-08 1.9E-08 2.7E-07 - 

Synthesis procedure - 2 

ATO-0.25 0.25 5.9E-06 - - 0.0002 0.0004

ATO-1 1 3.0E-05 0.0005 0.0035 0.0704 0.0670

ATO-2 2 1.1E-06 0.0060 0.0421 0.2747 0.0918

ATO-5 5 1.8E-07 - 0.7160 0.7586 - 

 

The effect was visible in Figure 63, where the brown colors of the synthesized ATOs 

were becoming darker with increasing Sb doping level.  The brownish color of the 

doped samples were changed to bluish after calcination at 600°C which is an indication 

of changing of electrical conductivities [98].  

Table 10 also shows that the non-calcinated ATOs which were synthesized via 

synthesis process-2 have almost no electrical conductivities; nevertheless after 

calcination their electrical properties were changed significantly. The values were 

depending on the doping level of Sb and on the calcination temperature. The 

conductivities of ATOs are increasing with increasing calcination temperature up to 
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600°C and then decreasing. Among all, 5at% Sb doped SnO2 (ATO-5) which was 

calcinated at 600°C showed the highest electrical conductivity of 0.76S/cm. The results 

were very similar as Yin et al [34] and Dou et. al [31] ; they found the highest electrical 

conductivity at the same doping level (1.1S/cm and 0.25S/cm respectively). Frolova et 

al ̴ found 4S/cm with Sb doping levels 4-9mol% [32].  

 

Figure 63: Changes of color of ATOs with doping level before and after calcination 

The ionic radius of Sn, SbIII and SbV are 0.69 Å, 0.76 Å and 0.60 Å respectively. Thus in 

ATO, there is a strong tendency to form SbV which may be integrated more easily in the 

SnO2 lattice than the larger SbIII. Almost half of the SbIII ions have been oxidized to SbV 

during drying the sample at 100°C in air [98]. So non-calcinated ATO not only contains 

SbIII but both of SbIII and SbV. The presence of SbV which is an n-type dopant generates 

more oxygen vacancies and therefore led to an increase in the electrical conductivity of 

the calcinated ATOs, however it also contains SbIII which is a p-type dopant and hence 

led to decrease in the conductivity [34]. Therefore the overall electrical conductivity of 

ATO is depends on the availability of SbV ions. 
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The material will show more conductive or less, it depends on the amounts of SbIII and 

SbV. The amounts of SbV are increased with the calcination temperature that could be 

reason of increasing electrical conductivity at elevated temperature. Calcinated ATOs 

also contains both oxidation states of Sb. In fact, SbV ions are occupied the octahedral 

site where as SbIII ions are at surface sites or grain boundaries [123]. At too high 

calcination temperature more surface SbIII ions could be the reason of decreasing 

conductivity. Although the maximum conductivities of the ATOs were achieved at 

600°C, there were tremendous changes of BET surface areas between the calcination 

temperature 500°C and 600 °C (see Table 11).  

Table 11: Effect of calcination on the BET surface areas and the electronic conductivities of ATOs 

Samples Sb in at% Calcination T  σ  in S/cm BET in m2/g 

ATO-1 1 600°C 0.07 22 

ATO-2 2 500°C 0.04 51 

ATO-2 2 600°C 0.27 24 

ATO-5 5 500°C 0.72 62 

Vulcan 
XC 72 

- - 2.6 192 

 

The electrical conductivity of ATO-2 was increased to about eight folds by sacrificing 

half of its BET surface areas.  Same results was expecting for ATO-5. Thus, ATO-5 

which was calcinated at 500°C has been chosen for deeper investigations. 

 

Figure 64: XRD pattern of ATO-5 before calcination (black) and after calcination (red) 
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Figure 64 shows the XRD patterns of the ATO-5 before (black) and after (red) 

calcination at 500°C. The crystallinity of the material was changed after calcination. 

As already mentioned before, the ATOs after synthesis and drying were grounded by 

mortar and pestle which leads to the inhomogeneous particles sizes of the supports. 

This is clearly observed in SEM image in Figure 65.  

 

Figure 65: SEM image of the grounded ATO-5 (a) before calcination and (b) after calcination at 500°C 

To improve the homogeneity of particle size distribution, a wet ball milling, a dry ball 

milling and a spray drying techniques were implemented. After that, the materials were 

calcinated and compared the changing by SEM. Figure 66 displays that the use of wet 

ball milling was not feasible since the particles were agglomerated again after drying the 

milled wet materials.  

 

Figure 66: SEM image of wet ball milled ATO-2 (a) before calcination and (b) after calcination at 600°C 



78 

 

Figure 67 shows,  the particles sizes of ATO was decreased after dry ball milling, 

however this process was not economical due to the low yield of the material after ball 

milling (about 50%).  

 

Figure 67: SEM image of dry ball milled ATO-5 (a) before calcination and (b) after calcination at 550°C 

Finally, a spray drying technique has showed the small spherical particles of uniform 

distribution as shown in Figure 68 . Figure 69 shows the overall achievement of uniform 

particle size of the ATO-5 while implementing different grinding and drying techniques. 

Among all of the grinding techniques, uniform particles sizes have been obtained by 

using spray drying technique. Therefore spray drying technique was chosen as 

standard for further investigations. 

 

Figure 68: SEM images of spray dried ATO-5 (a) before calcination and (b) after calcination at 550°C 
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Figure 69: 5at% Sb doped ATO (a) grounded by mortar and pestle (b) dry ball milling and (c) spray 

drying, real pictures on the top and SEM images on the bottom 

 

After development of the drying procedure, a series of ATOs of Sb doping levels 

between 1at% and 8 at% were prepared via co-precipitation process (synthesis method- 

2) followed by spray drying. 550°C calcination temperature was chosen in order to avoid 

excessive reduction of BET areas. The lists of the spray dried samples are shown in 

Table 12. 

Table 12: ATOs synthesized by using spray drying technique 

Sb in at % Sample name Sample named after calcination 

1 ATO-1-SD ATO-1-SD-550 

2 ATO-2-SD ATO-2-SD-550 

5 ATO-5-SD ATO-5-SD-550 

8 ATO-8-SD ATO-8-SD-550 

  

 

 



80 

 

Characterization of the spray dried ATOs 

XRD patterns of the spray dried ATOs before calcination is showing in Figure 70. The 

crystallites size based on Rietveld Refinement (the CIF file data base and refine it using 

the structural module) were found almost the same (2nm) for all of the samples.  

 

 

Figure 70: XRD patterns of the ATOs before calcination; ATO-1-SD (black line), ATO-2-SD (red line), 

ATO-5-SD (blue line) and ATO-8-SD (green line) 

 

Table 13 shows the crystallite properties of the ATOs which were extracted from the 

XRD data. The increasing of average unit cell volume with doping level is indicating the 

replacement of Sn with Sb ions since the ionic radius of SbIII (0.76Å) is larger than SnIV 

(0.69Å). The unit cell volume of the ATO-8-SD is found lower than the ATO-5-SD; this 

could be due to the increased of lattice distortion with higher doping level [98]. Another 

possibility was the increase of SbV of lower ionic size (0.69Å) as already discussed. 

Table 13: Crystallites properties of the ATOs 

Sample name  

Sb in 

at% 

a = b  

[Å] c [Å] 

Volume 

[Å] 

Crystallite 

size [nm] 

ATO-0.25 0.25 4.747 3.205 72.211 2 

ATO-1-SD 1 4.730 3.232 72.320 2 

ATO-2-SD 2 4.733 3.238 72.521 2 

ATO-5-SD 5 4.717 3.294 73.276 2 

ATO-8-SD 8 4.765 3.219 73.098 2.3 
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Electrical Conductivity 

After calcination at 550°C, the electrical conductivities of the ATOs were measured. 

Figure 71 shows the electrical conductivities of the spray dried calcinated ATOs is a 

function of Sb doping level. At an atomic doping level of 5% Sb, the optimum 

composition, the conductivity reached as high as 0.74S/cm at room temperature. The 

electrical conductivities of the materials were increasing with Sb doping until 5at%, then 

they were decreasing. Terrier et, al.[124] proposed that at low doping levels, SbV ions 

were dominant whereas at high doping levels possible competitions between two 

oxidation state of Sb. It has been reported that at low doping levels (below~	10%) Sb is 

mostly present in an oxidation state of 5+, with a further increase in the doping 

concentration Sb ions also appear in 3+ oxidation state[124][125]. In fact, SbV acts as 

electron donor, forming a shallow donor level close to SnO2 conduction band, while SbIII 

behaves as an electron acceptor [126].   

 

Figure 71:  Electrical conductivities of the spray dried calcinated (at 550°C) ATOs  

 

Among all of the calcinated ATOs, 5at% Sb doped SnO2 was chosen for further 

investigation due to the highest electrical conductivities.  
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Particle size of the 5at% Sb doped SnO2 (ATO-5-SD) 

Figure 72 shows the XRD patterns of ATO-5-SD before (blue line) and after calcination 

at 550°C (orange line). The crystallinity of the material was changed after calcination. 

The crystallite sizes of the ATOs were measured as 2nm and 6.5nm before and after 

calcination respectively.   

 

Figure 72: XRD patterns of ATO before calcination (blue line) and after calcination (orange line) 

 

Table 14 shows the decreasing of average unit cell volume of the ATO after calcination 

which can be due to the oxidation of SbIII (r = 0.76Å) to SbV (r= 0.60Å).  

Table 14 : Crystallite properties of the ATO-5-SD before and after calcination 

Sample name  

Sb in 

at% 

a = b  

[Å] c [Å] 

Volume 

[Å] 

Crystallite 

size [nm] 

ATO-5-SD 5 4.7166 3.29370 73.27570 2.0 

ATO-5-SD-550 5 4.7409 3.19354 71.78007 6.5 

 

Scanning Electron Microscopy (SEM) of the 5at% Sb doped SnO2 (ATO-5-SD) 

To investigate the change of surface morphology of the ATO, SEM analyses of both of 

calcinated and non-calcinated ATO were conducted are shown in Figure 73. The upper 

parts and lower parts of the figure are showing the SEM images of non-calcinated ATO 

and calcinated ATO at with 1000KX (left) and 8000KX (right) magnifications. It is clearly 

visible at high magnification that the materials became more compact after calcination. 
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Figure 73: SEM images of the spray dried ATO-5-SD before calcination (upper parts) and after calcination 

(lower parts); left side and right sides are belongs to lower (1000KX, 1µm) and higher (8000KX, 200nm) 

magnification respectively  

SEM/EDX analysis of the 5at% Sb doped SnO2 (ATO-5-SD) 

Figure 74 shows that together with Sn, Sb and O, the non calcinated ATO (ATO-5-SD) 

also contains Chloride ions. It means chloride ions were not removed completely after 

synthesis process and additional washing is required.  

 

Figure 74: SEM-EDX spectrum of the spray dried non calcinated ATO  
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Table 15 : Compositions of non calcinated ATO (ATO-5-SD) 

Spectrum1 Atom % 

O 68.39 

Cl 7.88 

Sn 22.5 

Sb 1.23 

Total 100 

 

The composition of the material in atom% was calculated automatically using Oxford 

Instruments software as shown in Table 15. If we consider the Sn and Sb atoms only, it 

contains 94.8 at% of Sn and 5.2 at% of Sb with in the scanned area (spectrum1) in 

Figure 74 . This result almost met the targeted 5at% of Sb and 95 at% of Sn in the non-

calcinated ATO.  

 

 

Figure 75: SEM-EDX spectrums of the calcinated ATO for the working area1 (upper part) and working 

area 2 (lower part)  
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Two spectra were taken using calcinated ATO for SEM-EDX analysis in several areas. 

Figure 75 is showing the spectrums of the selected scanned areas and its images in the 

inset. The corresponding compositions of the same selected areas are shown in Table 

16.  

Table 16: Compositions of the calcinated ATO (ATO-5-SD-550) 

ATO-5-SD-550 Working area1 / Spectrum 1 Working area 2 / 

Spectrum 2 

Elements Atom % Atom % 

O 65.5 72.84 

Cl 0.88 0.7 

Sn 31.82 25.16 

Sb 1.8 1.3 

Total 100 100 

 

If we consider Sn and Sb atoms only, it contains 94.7 at% of Sn and 5.3 at% of Sb for 

the first areas and 95.1at % of Sn and 4.9 at% of Sb for the second selected areas. The 

average value of Sb is 5.1at% in the calcinated ATO-5-SD that met the target values. 

The details of all of the measurement data and charts are in Appendix 2.    

 

TEM of the 5at% Sb doped SnO2 (ATO-5-SD)  

Figure 76 displays the TEM image of the calcinated ATO. It is not possible to distinguish 

between Sb and Sn in this figure, only the patterns of crystallites are visible.  

 

Figure 76: TEM image of calcinated ATO (ATO-5-SD-550) 
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BET Area, Pore Size and Volume Analysis of the 5at% Sb doped SnO2 (ATO-5-SD) 

The surface area of a material is related to the particle size, the particle morphology, the 

surface texturing and the porosity of the material. The surface area of the chosen 

calcinated ATO (ATO-5-SD-550) was measured as 50m2/g by using BET (Brunauer, 

Emmett, Teller) isotherm theory in a Sorptomatic 1990 instrument.  The material was 

found as mesoporous of median pore radius 3.3 nm, maximum pore radius 3.2 nm, 

cumulative pore volume 0.143cm3g-1, and cumulative pore area 83.453 m2g-1. The 

details of the measurement data and charts are in Appendix 3. 

ICP-OES analysis of the 5at% Sb doped SnO2 (ATO-5-SD) 

The ICP-OES analyses of the ATO samples before and after calcination were 

conducted to determine the metal content. 3.22wt% of Sb and 59.2wt% of Sn have 

been obtained from the non-calcinated ATO.  Unfortunately calcinated ATO was not 

dissolved in aqua regia (HNO3: HCl =1:3). Therefore, the composition of the calcined 

ATO samples could not be determined by ICP-OES analysis. 

5.5. Synthesis of Pt-catalysts on ATO support using MP process 

After development of the reproducible synthesis process, Pt nanoparticles were 

synthesized on the ATO support. As already mentioned, the modified polyol method 

was used to do this. After synthesis, an XRD measurement was first performed to 

ensure whether the synthesis process was successful for inorganic support or not. The 

XRD patterns of all of the supported catalysts are shown in Figure 77.   

 

Figure 77: XRD patterns of the Tanaka commercial catalyst (violet), CB supported catalyst (black), ATO 

supported catalyst (blue) and ATO support (pink)  
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For all of the supported catalysts, the peaks responses are at 39°, 46°, 68°, 81° and 

85°corresponding to Pt(111), Pt(200), Pt(220), Pt(311) and Pt(222) plane respectively. 

Thus crystallites of Pt are cubic [26]. In ATO supported catalysts, Pt peaks are 

sometimes overlapped with SnO2 peaks. There is no detectable peak of Pt from the 

reference Tanaka catalyst (TK-20) is found in the XRD pattern indicating the very low Pt 

particle size in the catalyst.    

The particle sizes of Pt in all of the synthesized catalysts were measured as < 5 nm, 

which met the targeted value (see Table 17). Table 17 also shows the amount of Pt 

measured via ICP-OES analyses are within acceptable ranges. Therefore, the 

developed modified process was very successful depositing Pt nanoparticles on both of 

carbon and non-carbon supports 

Table 17: Synthesized catalysts particle sizes and compositions 

Catalyst Supports BET of the  

Supports, 

m2/g 

Particle size of Pt

in nm (LVol-IB) 

Pt content in  wt% 

Targeted Actual 

Pt/CB Vulcan XC 72 192 3.0 ± 1.1 20 18.4 ± 0.58 

Pt/ATO ATO 50 3.5 ± 0.1 20 21.5 ± 0.87 

Tanaka 

(commercial) 

Carbon 800 No Peak  

detected 

- 18.5 

 

 

5.6. Annealing of the supported Pt-catalyst 

A portion of all of the synthesized supported catalysts was annealed after development 

of the optimum annealing conditions (see section 5.3). Annealing of the CB supported 

catalyst was conducted in reducing environment (Ar /H2) while the ATO supported 

catalyst was annealed under oxidizing conditions (in air) to preserve the oxidation state 

of SbV of the support. In both cases the annealing temperature (250°C) and time (1h) 

was kept constant. Characterizations of both annealed and non-annealed catalysts 

were performed and were compared with a standard commercial catalyst (Tanaka-

18.5wt% Pt).   
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5.7. Characterizations of the supported Pt-catalysts 

This is the most important parts of this thesis where both of non-annealed and annealed 

supported catalysts have been characterized and compared with a reference catalyst in 

relevant cases. 

5.7.1. Particle size of Pt and content of Pt 

Figure 78 shows the XRD patterns of CB and ATO supported catalysts before and after 

annealing. The increases of peak intensities of the annealed catalysts are an indication 

of increasing particle size of Pt after the annealing process.  

 

Figure 78: XRD patterns of non-annealed and annealed respectively in black and green lines for CB and 

blue and red for ATO supported catalysts 

Table 18 shows the particle sizes of Pt were increased by 1 to 2 nm after annealing 

which were highly dependent of types of supports and their BET areas.   

Table 18: Changes of particle sizes of Pt (based on Rietveld Refinement) and Pt content of the 

synthesized catalysts after annealing process 

Catalyst Sample 

Name 

Supports Pt particles 

in nm 

Pt content in  wt% 

Before 
After Targeted Actual 

Before 

Actual 

After 

Pt/CB S0031 Vulcan XC 72 3.9 ± 1.1 5.5 ± 0.1 20 18.4 ± 0.58 18.7 ± 0.6

Pt/ATO S0037 ATO 3.5 ± 0.1 4.0 ± 0.2 20 21.5 ± 0.87 19.1 ± 0.7

Commercial Tanaka 

(TK-20) 

Carbon No Peak

detected

- - 18.5 - 
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No significant changes of the catalysts composition after annealing were found via ICP-

OES analysis as shown in the Table 18. The slight changes in Pt content could be due 

to the removal of moisture or volatile matter (such as left over ethylene glycol coming 

from synthesis process) from the catalysts while heating at 250°C.  

5.7.2. CV and ECSA  

Electrochemical surface areas (ECSA) of the catalysts were measured from the Hupd 

charge for all of the catalysts. Measurements were carried out in a three electrode setup 

just before ORR measurements while Pt loadings in the RDE were 2µg. CVs were 

conducted between 50mV and 1.2V at 50mV/s voltage scan rate in 0.1M HClO4. Figure 

79 shows the comparisons of the CVs of both of non-annealed and annealed supported 

catalysts with the reference Tanaka catalyst. 

 

 

Figure 79: CV comparison of the CB supported catalysts (top)  before annealing (black line) and after 

annealing (black dot line) and ATO supported catalysts (bottom)  before annealing (blue line) and after 

annealing (blue dot line) with Tanaka catalyst (purple lines) in 0.1M HClO4 at room temperature, 2µg Pt 

on RDE, 50mV/s scan rate 
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Figure 80 is showing the comparative ECSA values of the catalysts before and after the 

annealing process.    

 

Figure 80: ECSA of the supported catalyst before (blue) and after annealing (orange) in 0.1M HClO4 at 

room temperature, 2µg Pt on RDE, 50mV/s scan rate 

Assuming spherical particles, the ECSA of an ideal monodisperse catalyst per unit 

mass is related to its diameter d as S=6/ρd where ρ is the density of Pt (=21.09g/cm3). If 

the particle diameter of Pt is 5nm, the corresponding ECSA would be 56m2/g and for 2.2 

nm, it would be 127m2/g which is the largest ECSA are attainable with Pt [130] . Thus 

we can evaluate the ECSA which were calculated from the measured CV with the 

theoretical ECSA which is corresponding to the particle size of Pt (see Figure 81). 

 

Figure 81 : Theoretical ECSA (S=6/ρd) vs Pt particle size 
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The ECSA of CB supported non-annealed and annealed catalysts are between 90 and 

78m2/g-Pt which corresponds to theoretical particle size size of 3.1nm and 3.6nm 

respectively whereas for ATO supported catalysts the corresponding theoretical particle 

size of Pt calculated from ECSA of the non-annealed and annealed catalysts are 2.9nm 

and 3.3nm respectively. The reference Tanaka catalyst shows the lowest Pt particle 

size (2.3nm) among them (see Table 19). 

Table 19 : Calculated particle size of Pt from the measured ECSA values 

Sample 
Name 

Calculated particle size of Pt 
from the measured ECSA 

[in nm] 

Measured particle size of Pt via 
XRD 

[in nm] 
Before 

calcination 
after 

calcination Before calcination 
after 

calcination 

CB-20 3.1 3.6 3.9 5.5 

ATO-20 2.9 3.3 3.5 4.0 

TK-20 2.3 - No peak detected - 
 

However, these results slightly deviate from the Pt particle sizes which were calculated 

from XRD measurements. This could be due to the limitation of XRD instrument and/or 

polydispersity of Pt on the supports. In both cases of Pt particle size estimation, from 

ECSA and from XRD, the experimental methods are at their respective limit of 

significance. Nevertheless, both methods consistently show that the Pt-particle size is 

within the targeted range of < 5 nm. In addition, Table 20 shows the comparative 

particle sizes of some of the synthesized catalyst which were measured via ECSA, XRD 

and TEM.   

Table 20 : Comparison of Pt particle size of different measurement techniques 

Catalyst 
Sample 
name  

Measured Pt  particle size in nm 
ECSA XRD TEM 

20wt% Pt on CB S0015 3.1 3.2 3.9 
20wt% Pt on CB S0020 2.3 3.0 2.9 
20wt% Pt on CB S0000 2.9 3.3 3.1 
20wt% Pt on CB S0000-500 3.8 - 4.7 

 

5.7.3. Oxygen Reduction Reaction activity  

Oxygen reduction reaction (ORR) activity is one of the best ways to compare catalysts 

activities using a rotating disk electrode. Initially, ORR activities of non-annealed 

catalysts were compared with the reference catalysts at comparatively high Pt loading 

(2µg) on the RDE. Figure 82 shows, the mass activities of the synthesized CB 

supported catalyst is almost the same as the TK-20 (Tanaka-18.5%) catalyst, however 

the specific activities (= Mass activity/ECSA) of the synthesized catalyst is 
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comparatively high. The specific activity of a catalyst is important since it gives us an 

idea about particle sizes and the exposed crystal faces of Pt (hkl). For example the 

activity of Pt (111), Pt (100) and Pt (110) are not the same [108]. If the particle size of 

the catalysts are the same but the activity is different, it means they exposed different 

crystal faces during synthesis and/or during annealing process. Shape of the crystal has 

also significant roles on catalyst activity. 

 

Figure 82: ORR activities of the CB supported catalyst (CB-20HT) and the reference Tanaka catalyst (TK-

20) at 0.9V vs RHE in 0.1M HClO4 at room temperature at 50mV/s voltage scan rate, 2 µg Pt loading on 

RDE 

It was found that there is a big variation in ORR activities of the catalysts with respect to 

the ink preparation method, the Pt loading and the voltage scan rate. Therefore, a 

generalization of the ORR activity measurement technique had to be developed. 

Effect of ink preparation on the ORR activities 

Figure 83 shows the ORR activities of the Tanaka catalyst (18.5wt% Pt) at 0.9V vs RHE 

in 0.5M HClO4 solution at room temperature where the two working electrodes were 

prepared by changing ink preparation solvents. First one is the same as described 

before (50% IPA in water) and the second one is 80% IPA in water. The measurement 

result shows that the use of 80% IPA as a solvent for dispersion of the catalyst is more 

beneficial since it dispersed the catalyst ink on the RDE better than 50% IPA containing 

ink. Thus improved ORR activity was found from the former ones.   
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Figure 83 : Effect of ink preparation on ORR activities of Tanaka catalysts (18.5wt% Pt) at 0.9V vs RHE at 

50mV/s voltage scan rate in 0.1M HClO4 at room temperature 

Effect of Pt loading on RDE and thickness of catalyst layers on the ORR activities  

Figure 84 shows highest mass and specific activities at 0.9V vs RHE in 0.1M HClO4 at 

room temperature of the CB supported catalyst (CB-20HT) with 0.8µg Pt loading than 

2µg Pt loading on the gold RDE. This could be due to the effect of distribution of the ink 

and the thickness of the catalyst layer on the RDE. Garsany et. al showed how the 

dispersion of ink on RDE surface impacts on ORR activities of the catalysts [108]. Same 

results were found for the reference Tanaka catalyst. Therefore 0.8µg Pt loading was 

chosen as standard for further investigation. 

 

Figure 84: Effect of Pt loading on ORR activities of the CB supported annealed catalyst (CB-20HT) and 

the reference Tanaka catalysts (TK-20)  at 0.9V vs RHE at 50mV/s voltage scan rate in 0.1M HClO4 at 

room temperature 
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Effect of voltage scan rate on the ORR activities  

There is a significant impact on the ORR activities of the catalyst with the voltage scan 

rates. Figure 85 shows, the ORR activities of the catalysts at a voltage scan rate of 

20mV/s and 50mV/s.  

 

Figure 85: Effect of the voltage scan rate on ORR activities of the CB supported annealed catalyst (CB-

20HT) and Tanaka catalyst (TK20) at 0.9V vs RHE in 0.1M HClO4 at room temperature, 0.8 µg Pt  

Both of the catalysts are showing higher mass activities at 50mV/s scan rate while using 

the same Pt loading on the RDE (0.8µg). Pasti et al showed that the ORR activity 

measured at 50mV/s can be two to three times higher than the one measured at 

10mV/s [132]. The reason for this effect is the time dependence of the establishment of 

equilibrium conditions at the surface which is dominated by the relatively slow process 

of Pt surface oxidation as reported by both of Pasti et al  [132] and  Hodnik et al [9]. At 

very low voltage scan rates allow more time for oxidation, leading to enhanced blockage 

of active sites for ORR and consequently lower apparent kinetic rates. Therefore it is 

desirable to choose a suitable scan rate that is close to the equilibrium. However, it 

depends on the electrodes materials, minor impurities of the electrolytes and 

measurement times. In this work, the measurement reproducibility’s have been given 

priority. 

Two working electrodes were prepared and their ORR activities were measured at both 

of 20mv/s and 50mV/s voltage scan rate while keeping the other parameters constant. 

Figure 86 shows 50mV/s voltage scan rate has better repeatability. Thus, 50mV/s scan 

rate were chosen as standard. 
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Figure 86: ORR measurement reproducibility at different voltage scan rates, at 0.9V vs RHE in 0.1M 

HClO4 at room temperature, (CB-20HT, 0.8µgPt) 

Finally, the ORR activities of all of the supported annealed catalysts and the reference 

catalysts were performed at 50mV/s voltage scan rate with a Pt loading of 0.8 µg in 

0.1M HClO4.  The comparative results are shown in Figure 87.  

 

Figure 87: ORR activities of the CB (CB-20HT), ATO (ATO-20HT) supported annealed catalysts and the 

reference Tanaka (TK-20) catalyst at 0.9V vs RHE in 0.1M HClO4, 50mV/s, room temperature 

There is a tremendous drop of both of mass and specific activities of the ATO supported 

catalysts, even the particle size of Pt on ATO was slightly lower than on CB support. 

This could be because of inhomogeneous catalyst particle film formation on the 

electrode surface while using ATO supported catalyst since a well dispersed thin film is 

a precondition of getting maximum ORR activity [106] [112][114] and/or because of low 

electrical conductivity of ATO compared to CB. The mass activity of the CB supported 

catalyst is found lower when compared with a commercial Tanaka (18.5wt%Pt) catalyst 

(TK-20). However the specific activity of CB supported catalyst is higher than the 

reference.   
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5.7.4. Pt-corrosion (Load Cycle test) 

The aim of the test is to investigate the catalyst (Pt) durability under stressed conditions. 

The tests were performed in three electrode system in 0.5M H2SO4 where potential was 

cycled between 0.6V and 1.0V (Pt stressed areas). Details of the measurements 

procedures are already discussed (see the section 4.6.5). The load cycle tests have 

been conducted for both of annealed and non-annealed catalysts. A commercial 

Tanaka catalyst (18.5wt% Pt) was also tested as a reference for comparison.  

Figure 88 shows changes of catalyst stability with load cycling of the ATO supported 

non-annealed (ATO-20) and annealed (ATO-20HT) catalysts. 

 

 

Figure 88: Comparison of Pt stability (in terms of ECSA survival rate) of ATO supported non-annealed 

(ATO-20, orange) and annealed (ATO-20HT, blue) catalysts during load cycle tests between 0.6V and 1.0 

V vs. RHE at 50mV/s voltage scan rate in 0.5M H2SO4 electrolyte at room temperature, the upper part is 

for ECSA-survival rates and the lower part is for relative changes of ECSAs with load cycle. 
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The upper part of the Figure 88 shows that the stability of the catalyst is increased after 

annealing. At the end of the test (after 40000cycles), ECSA-SR of the annealed catalyst 

(74%) is higher than the non-annealed catalyst (68%). This change was expected since 

the Pt nanoparticles changes its shape and sizes by recrystallization and/or 

agglomeration. Therefore the use of annealed catalyst would be beneficial for long term 

fuel cell applications. The corresponding changes of ECSAs with load cycles are shown 

in the lower part of the same figure.  

Figure 89 is showing the comparative durability test results of all of the annealed 

catalysts with a reference Tanaka catalyst (TK-20). The rates of Pt corrosion with load 

cycling are not same for all of the supported catalyst. After 40000 load cycles, the 

ECSA-survival rates of the catalysts are in the order of ATO-20HT (74%) > CB-20HT 

(64%) > TK-20 (53%).  

 

Figure 89: Comparison of initial ECSA, ECSA after 40000 load cycles, and ECSA-SR of the CB (CB-

20HT), ATO (ATO-20HT) supported catalysts and the reference (TK-20) catalysts while load cycle test 

between 0.6V and 1.0 V vs. RHE at 25°C in 0.5M H2SO4 electrolyte at 50mV/s voltage scan rate  

It has been reported that Pt corrosion is high when the particle size of Pt is low [44]. It is 

true for catalyst nanoparticles deposited on the same support material (see Figure 58 in 

section 5.3.1). In this case, the Pt particle size of the CB supported catalyst is larger 

than on the ATO supported catalysts. Nevertheless the CB supported catalyst shows 

lower ECSA-SR. The lowest stability is observed on the commercial TK-20 catalyst 

which can be explained by the fact that from the materials investigated TK-20 shows the 

lowest Pt-particle size and the highest initial ECSA. Moreover, BET area of the Tanaka 

catalyst support (800m2/g) is about three times higher than the CB support (192m2/g) 
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which preferred to oxidize more easily than CB support. From this observation we 

conclude that the Pt stability not only depends on the particles size but also on the types 

of supports. 

The changes of ECSA survival rate and the respective ECSA with load cycling are 

shown in the upper and lower parts in the Figure 90 respectively.  

 

 

Figure 90: Comparison of Pt stability (in terms of ECSA survival rate) of CB (black), ATO (blue) supported 

annealed catalysts with Tanaka (purple) catalysts during load cycle tests between 0.6V and 1.0 V vs. 

RHE at room temperature in 0.5M H2SO4 electrolyte at 50mV/s voltage scan rate, the upper part is for 

ECSA-survival rates and the lower part is for relative changes of ECSAs with load cycle  
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5.7.5. Supports corrosion (Potential Cycle test) 

In this section, the supports corrosion tests results obtained from three electrode setup 

will be discussed (see section 4.6.6 for experimental details). Figure 91 shows the 

degradation comparison of the ATO supported non-annealed (ATO-20) and annealed 

catalysts (ATO-20HT) catalyst with potential cycling in 0.5M H2SO4 at 25°C. The initial 

ECSA of the annealed catalyst is low however ECSA-SR after 70000 cycles is 

improved. This could be due to the increase of Pt particles size after heat treatment. 

Therefore with respect to supports stability, the use of annealed catalyst would be 

beneficial for long term fuel cell applications.  

 

 

Figure 91: Comparison of support stability (in terms of ECSA survival rate) of ATO supported non-

annealed (ATO-20, orange) and annealed (ATO-20HT, blue) catalysts during potential cycle tests 

between 1.0V and 1.5 V vs. RHE at 25°C in 0.5M H2SO4 electrolyte at 500mV/s voltage scan rate. 
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Upper part of the Figure 92 shows the comparative ECSA survival rates of the 

supported annealed catalysts with the reference catalyst (TK-20) under potential cycling 

in 0.5M H2SO4 at 25°C. After 70000 potential cycles, the ATO supported catalyst shows 

the highest ECSA survival rate (86%) than the traditional CB supported catalysts (50%) 

as well as the commercial Tanaka catalyst (50%).  Although the initial ECSA of the TK-

20 catalyst is the highest (80m2/g-Pt), it shows a significant decrease under cycling 

conditions which compromises its performance for long term use. Whereas the catalysts 

supported on stabilized carbons and ATO have a less decrease of the ECSA under the 

same conditions compared to the TK-20 and the catalyst supported on CB. Thus, a 

better long time uniform performance can be expected from the ATO supported catalyst.  

 

 

Figure 92:  Comparison of support stabilities (in terms of ECSA survival rate) of CB (black), ATO (blue) 

supported annealed catalysts with Tanaka (pink) catalysts during potential cycle tests between 1.0V and 

1.5 V vs. RHE at 25°C in 0.5M H2SO4 electrolyte at 500mV/s voltage scan rate,  working electrodes were 

15µg Pt on glassy carbon disk. The upper part is for ECSA survival rates and the lower part is for relative 

ECSAs of the supported catalysts with potential cycling  
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The changing patterns of the CVs of the supported catalysts after 0, 10000, 50000 and 

70000 potential cycles are shown in Figure 93 which is also an evidence of instability of 

carbon supported catalysts even after 10000cycles compared to ATO supported 

catalyst. 

 

 

Figure 93:  Changing of CV patterns of the CB (CB-20HT), ATO (ATO-20HT) supported annealed 

catalysts with Tanaka (TK-20) catalyst after potential cycles in 0.5M H2SO4 at 25°C, 50mV/s scan rate 
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5.7.6. PEMFC single cell test  

MEAs with the CB, ATO supported catalysts and commercial Tanaka catalysts 

(18.5wt% Pt) were prepared, assembled and tested using same procedures. The Pt 

loadings were 0.3mg Pt/cm2 in both of anode and the cathodes and the ionomer content 

in the catalyst layers were kept constant (37.5wt%).  

Figure 94 displays, I-V characteristics curves for all of the tested MEAs.  The kinetics 

parts in the I-V curves (0-0.1A/cm2) of both of ATO and CB supported catalysts are 

lower than the reference (TK-20) catalyst.  For example, at 40mA/cm2 current densities, 

the voltage obtained from the MEAs with CB-20HT, ATO-20HT and TK-20 catalysts are 

856mV, 625mV and 888mV respectively. However, linear range of the curves shows, 

CB-20HT has high voltage at high current densities than the reference (TK-20) catalyst. 

Unfortunately, it was not possible to operate ATO supported MEA with more than 

0.16A/cm2 current densities since the voltage immediately dropped to less than 200mV. 

Thus an optimization of the MEA manufacturing condition was needed and this was 

done by optimizing ionomer content on the catalyst layer since Kongkan et al. [133] 

showed the effect of ionomer thickness on the performance of the MEA.  

 

Figure 94:   I-V characteristics curves of MEAs with CB (black), ATO (blue) supported annealed catalysts 

and Tanaka catalyst (Purple dot lines) with 37.5wt%  ionomer on both of anode and cathode catalyst 

layers, 0.3mg Pt/cm2  Pt loading  where the operating conditions were: end plate temperature = 76°C, 

A.dp = 50°C, C.dp = 69°C, A.stoic.=1.43, C. stoic=4.0, at 200kPa 
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When 37.5wt% ionomer were used for all of the supported catalysts, comparatively 

thicker ionomer film was produced on the low BET surface areas supported catalyst 

which increased the local oxygen resistance leading to high mass transport limitation 

losses (see Figure 95) [133]. We can see this effect in the high current density parts of 

the polarization curves in Figure 94. Therefore optimizations of the ionomer contents for 

every catalyst had to be done. 

 

Figure 95: (a) Schematic of membrane, cathode, diffusion medium (DM) and bipolar plate (BP) and the 

transport therein. (b) Close-up view of the local O2 transport to a Pt nanoparticle through the ionomer film 

[133]  

Development is a continuous process. An improvement of MEA performance was 

achieved with further optimization of manufacturing and operating conditions. Taking 

into account the surprisingly high sensitivity of high current density performance, the 

ionomer content and the porosity in the catalyst layer were addressed as factors 

affecting mass transport.  Furthermore, the force used to compress the GDL inside the 

cell has an impact on the ohmic resistance as well as on the mass transport. 

Optimization of these parameters was a part of a master thesis at the ZSW [134]. It has 

been found at 37.5wt% ionomer content is the optimum for standard commercial 

Tanaka-(18.5wt% Pt) catalyst while varying the ionomer between 30wt% and 45wt%.  It 

has also been found that the MEA pressing at 140°C between 75 bars and 100 bars for 

4 minutes can improve the single cell performance. Finally, applying torque at 

8.5Nm/bolt in the single cell and changing operating conditions further improvement of 

the performance of the same commercial catalyst was achieved. Therefore by taking 

these results as a bench mark, more MEAs have been prepared and tested using the 

synthesized catalysts.  
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Optimization of ionomer contents on the cathode catalyst layers were performed for 

each and every catalyst. Impedance measurements were also performed during 

optimization of ionomer for every MEAs. The IV characteristic curves of them are in the 

appendix 4.  

The optimized MEA performances of the supported catalysts are shown in Figure 96.  

The ATO supported catalyst (with 10wt% ionomer, the optimum for ATO) shows the 

lowest voltage at a define current density than CB-20HT (with 40wt% ionomer, the 

optimum for CB) catalysts as well as the reference catalysts (with 37.5wt% ionomer, the 

optimum for reference). This can be caused by the lower electronic conductivity of the 

ATO support (0.7S/cm) than CB support (3S/cm). The result is very similar as Sara 

Cavaliere et al. [30], at 1.0 A/cm2 they found 1.4 times higher voltage while using CB 

than the ATO supported catalyst (H2/O2 as reactants) where as in this work it has been 

found as 1.7 times at the same current density (H2/Air as reactants).  

 

Figure 96:  MEA performance comparison of the supported catalysts where the operating conditions 

were: end plate temperature = 78°C, Anode dew point = Cathode dew point=80°C, Anode stoichiometry= 

1.08, Cathode stoichiometry=3.2, at 200kPa, Anode: TK-20 (0.3mg Pt/cm2), Cathode: supported catalyst 

0.3mg Pt/cm2, Nafion®112 membrane (50µm), GDL BC 29 

It has been found that with addition of a conductive layer on the cathode catalyst layer 

can improve the electronic conductivity of the layer leading to improve MEA 

performances of the ATO supported catalyst (see appendix 4). Thus, an additional MEA 

with ATO supported catalyst was prepared and tested where a conductive layer of Pt 

free CB support was added on to the top of the cathode catalyst layer in order to 
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increase the electrical conductivity of the catalyst layer. A significant impact was 

observed in the low current density (kinetic) region in the I-V curve (see Figure 96 and 

Figure 97). However, the intermediate (IR-dominated) and high current density (mass 

transport dominate) regions of the IV-curve are positively influenced by an additional CB 

layer to improve the conductivity and mass transport properties of the cathode catalyst 

layer.  

The voltages at less than 0.8A/cm2 current densities of the reference catalyst (TK-20) 

are higher than the synthesized catalysts, could be due to the lower Pt particle size of 

the Tanaka catalyst (< 2 nm) than the synthesized CB (5.5 nm) and ATO (4 nm) 

supported catalyst. However at high current densities (>0.72A/cm2) they showed higher 

voltages than the reference catalyst, could be due to the variation of porous structure of 

the catalyst layers. Figure 97  shows the bar graph of the supported catalysts at 

different current densities which are extracted from the polarization curve of the Figure 

96 for comparison.  

 

Figure 97: MEA performance comparison of the supported catalysts with optimized ionomer content on 

the cathode catalyst layers at different current densities,  Anode: TK-20 (0.3mg Pt/cm2), Cathode: 

supported catalyst 0.3mg Pt/cm2, membrane: Nafion® 112 (50µm), GDL: BC 29 , operating conditions: 

end plate temperature = 78°C, A.dp = C.dp = 80°C, A.stoic.=1.08, C.stoic.= 3.2, at 200kPa  

In Figure 98 shows impedance spectra of cells made with CB and with ATO supported 

cathode catalysts at different current densities are shown. At higher frequencies, the CB 

supported catalyst has a lower electrical resistance than the ATO supported catalyst at 

both current densities. The high frequency part is dominated by the ohmic resistance of 

the electrode and the membrane. As we used the same membrane, the additional 
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resistance for the ATO supported MEA is caused by the catalyst layer which is mainly 

composed of ionomer, support and the catalyst. The diameter of the arcs which are 

corresponds to diffusion resistance of the cell is high of the ATO supported catalyst than 

the CB supported catalyst. Both of lower and higher current densities the arc diameters 

are decreased when a conductive layer is added on the top of the catalyst layer of the 

ATO supported catalyst. Thus with addition of a conductive layer decreases the MEA 

resistance as well as diffusion resistance at higher current densities is the reason of 

improving performance of the ATO supported catalyst. 

 

 

Figure 98: Nyquist plots at 0.16A/cm2 (left) and 0.56A/cm2 (right) current densities of the ATO supported 

(orange and green) and CB supported (black) catalysts where the operating conditions were same as 

performance test.  
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6. Summary and Conclusion  

In this work, the comparative performance stability of Pt electro-catalysts supported on 

a typical carbon black (CB) and a non-carbon or inorganic supports were investigated.  

Niobium doped Tin Oxide (NTO) and Antimony doped Tin Oxide (ATO) materials were 

synthesized to investigate the feasibility of those material to be used as cathode catalyst 

support for PEMFC. NTO showed very low electronic conductivity (9.3 x 10-6 S/cm) 

compared to CB support (2.6S/cm) and was rejected for further investigation. However, 

ATO showed reasonable electronic conductivity (0.7S/cm) and surface area (50m2/g). 

The results were very similar as Dou et. al [31], Frolova et al [32] and Yin et al [34].  It 

was found that, the electronic conductivity of ATO was not only depending on the 

doping level of Sb but also the calcination temperature. During calcination of ATO at 

elevated temperature SbIII (0.76 Å) becomes SbV (0.60 Å) which is integrated more 

easily in the SnO2 lattice due to its smaller ionic radius. The presence of SbV which is an 

n-type dopant generates more oxygen vacancies and therefore led to an increase in the 

electrical conductivity of the calcinated ATOs. The calcinated ATOs also contains both 

oxidation states of Sb. In fact, SbV ions are occupied the octahedral site where as SbIII 

ions are at surface sites or grain boundaries [123]. At too high calcination temperature 

more surface SbIII ions could be the reason of decreasing electronic conductivity of 

ATO.  Although maximum electronic conductivity was obtained in 5at% Sb doped SnO2 

which was calcinated at 600°C while varying the Sb doping level between 0.25at% and 

8at% and calcinating temperature between 400°C and 700°C, 5at% Sb doped SnO2 

was calcinated at 550°C to prevent excessive losses of BET surface areas. Additional 

improvements of surface areas of the ATO supports were achieved by implementing 

spray drying techniques.  

A robust synthesis process of supported Pt nanoparticles which is the precondition of 

investigating supported catalysts was established. Seven synthesis procedure were 

investigated, two of them namely formaldehyde reduction (FR) and modified polyol (MP) 

met the target (≤ 5nm Pt nanoparticles). However, the modified polyol process was 

chosen, on the basis of reproducibility of Pt nanoparticles, ECSA, particle size 

distribution, activity and stability of the catalyst. 

An annealing condition for the synthesized supported catalysts was developed and 

implemented successfully. Initially, effects of thermal treatment (annealing) on the CB 

supported catalysts activities were examined and then implemented to other supported 

catalysts. It was found that specific activity as well as the stability of the catalyst was 

increased when they were annealed at 250°C compared to non-annealed catalysts, 

even though the average crystallite size of Pt were increased by 1-2nm after the 

annealing process.   
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Oxygen reduction (ORR) activity of a catalyst is very important since it can provide us at 

least some information about the oxygen reduction property of a catalyst before using to 

a real fuel cell system. The ORR activities of investigated supported catalysts were 

measured via RDE and were compared before subjected to single fuel cell test.  

Compared to CB supported catalyst, lower mass and specific activities of the ATO 

supported catalyst were measured; it can be due to the higher ionomer content or 

distribution effect on RDE surface or can be due to low electrical conductivity of the 

ATO support than CB support. At this time, also other metal-support interactions can’t 

be ruled out.  

Comparing the ORR activities of the CB supported catalysts with the commercial 

Tanaka catalyst (TK-20), it showed better specific activities but lower mass activities 

compared to the reference. This can be due to variation of particle size of Pt.   

Load cycle test provided information about the stability of Pt under stressed conditions. 

ATO supported catalyst showed low loss of ECSA during load cycling compared to CB 

supported catalyst. After 40000 load cycles, ECSA-survival rates of the catalysts were 

in the order of ATO-20HT (74%) > CB-20HT (64%) > TK-20 (53%). In this work it was 

found that the Pt corrosion under load cycle not only depends on the particle size of Pt 

but also on the types of supports and their BET areas (metal supports interaction).    

Potential cycle test which is one of the effective ways of evaluating the degradation 

properties of supports, showed the higher stability of ATO support compared with the 

traditional CB support. After 70000 potential cycles, the ECSA-SR of the supported 

catalysts in three electrode system are in the order of ATO-20HT (83%) > TK-20 (50%) 

> CB-20HT (49%).  

The comparison of PEMFC single cell performance between highly stable supported 

catalyst and the traditional supported catalyst were the ultimate goal of this work. 

Initially, MEAs were manufactured and tested by keeping same conditions. But 

performance results showed that it is impossible to keep the same MEA manufacturing 

conditions for all types of supported catalysts to achieve the optimum performance. 

Especially the optimum ionomer content on the catalyst layer is very much dependent 

on the surface area of the support materials. In this work, Impedance spectroscopy 

(EIS) which is an important diagnostic tool of fuel cell performances was used to explain 

dependency of ionomer content on the catalyst layers. Additional improvements of the 

PEMFC single cell performance was achieved by optimizing operating and 

manufacturing conditions. 
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Although MEAs using CB supported catalyst showed comparable performance as 

MEAs prepared with a commercial reference catalyst from Tanaka, ATO supported 

MEA single cell performance was far behind partly due to the lower electronic 

conductivity of the support. The stronger decay of the polarization curve (I-V curve) in 

the low current density part also indicates unfavorable catalyst-support-interactions 

when using ATO-supported catalysts. 

It was shown that the addition of a conductive layer of uncatalyzed CB on the top of the 

ATO supported cathode catalyst layer can improve the MEAs performance. However, 

the performance is still far behind the purely CB supported catalyst. By using highly 

conductive stable materials for example graphene could improve the performance 

further. In that case, one should consider about optimization of ionomer amount on the 

conductive layer as well. Impedance spectroscopy on MEAs using CB coated ATO-

catalyst layer also indicated improvements in the mass transport region.  

Further work needs to be dedicated to understand the reasons of the different catalyst-

support interaction observed in CB and ATO supported catalysts as well as the impact 

of the electrode microstructure on the overall MEA-performance. 

The key elements of this work are: 

a) The investigation of antimony doped tin oxide (ATO) as a corrosion resistant 

inorganic catalyst support material. A maximum in electronic conductivity was found by 

variation of dopant level, thermal treatment and control of morphology.  

b) A modified Polyol process was established as robust synthesis process for identical 

platinum nanoparticles on different conductive catalyst supports. 

c) Platinum and support corrosion was investigated on ATO and carbon based materials 

showing superiority of ATO over carbon black. 

d) A correlation of Pt-catalyst degradation with the type of support used was found 

e) A correlation of MEA performance with ionomer content and surface area of the 

catalyst was established 

f) ATO was identified as a promising candidate for long term stable fuel cell operation 

despite metal-support interactions. 
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Appendix1 

For calculation of ATO synthesis 
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Name Mol. Wt in g/mol 

Sn 118.71 

Sb 121.76 

Cl 35.453 

H 1.0079 

O 15.999 

SnCl4.5H2O 350.596 

SbCl3 228.119 

SnO2 150.708 

Sb2O3 291.517 
 

Name Actual potency

SnCl4.5H2O 98%

SbCl3 99%
 

 

ATO-1 Sb 1 at % Sn 99 at % 

Total Mol 1 

Sn SnCl4.5H2O Sb SbCl3 

1 mol 1 mol 1 mol 1 mol

0.99 mol 0.99 mol 0.01 mol 0.01 mol
To be Taken on the 

basis of 100% potency 117.52 g 347.09 g 1.218 g 2.281 g 
To be Taken on the 

basis of 100% potency 11.75 g 34.71 g 0.122 g 0.228 g 
To be Taken on the 

basis of actual potency 11.75 g 35.42 g 0.122 g 0.230 g 
 

 

ATO-2 Sb 2 at % Sn 98 at % 

Total Mol 1 

Sn SnCl4.5H2O Sb SbCl3 

1 mol 1 mol 1 mol 1 mol

0.98 mol 0.98 mol 0.02 mol 0.02 mol
To be Taken on the 

basis of 100% potency 116.34 g 343.58 g 2.435 g 4.562 g 
To be Taken on the 

basis of 100% potency 11.63 g 34.36 g 0.244 g 0.456 g 
To be Taken on the 

basis of actual potency 11.63 g 35.06 g 0.244 g 0.461 g 
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ATO-5 Sb 5 at % Sb 95 at % 

Total Mol 1 

Sn SnCl4.5H2O Sb SbCl3 

1 mol 1 mol 1 mol 1 mol

0.95 mol 0.95 mol 0.05 mol 0.05 mol
To be Taken on the basis 

of 100% potency 112.77 g 333.07 g 6.088 g 11.406 g 
To be Taken on the basis 

of 100% potency 11.28 g 33.31 g 0.609 g 1.141 g 
To be Taken on the basis 

of actual potency 11.28 g 33.99 g 0.609 g 1.152 g 
 

ATO-8 Sb 8 at % Sb 92 at % 

Total Mol 1 

Sn SnCl4.5H2O Sb SbCl3 

1 mol 1 mol 1 mol 1 mol 

0.92 mol 0.92 mol 0.08 mol 0.08 mol 
To be Taken on the 

basis of 100% potency 109.21 g 322.55 g 9.741 g 18.250 g 
To be Taken on the 

basis of 100% potency 10.92 g 32.25 g 0.974 g 1.825 g 
To be Taken on the 

basis of actual potency 10.92 g 32.91 g 0.974 g 1.843 g 
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Appendix 2 

For SEM-EDX 
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ATO-5-SD 
Spektrum 1 Atom % 
O 68.39 
Cl 7.88 
Sn 22.5 
Sb 1.23 
Gesamt 100 
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Spektrum 1 Atom % 
Sn 94.79 
Sb 5.21 
Gesamt 100 
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Arbeitsbereich1 
Spektrum 1 Atom % 
O 65.5 
Cl 0.88 
Sn 31.82 
Sb 1.8 
Gesamt 100 
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Spektrum 1 Atom % 
Sn 94.66 
Sb 5.34 
Gesamt 100 
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Arbeitsbereich2 
Spektrum 2 Atom % 
O 72.84 
Cl 0.7 
Sn 25.16 
Sb 1.3 
Gesamt 100 
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Spektrum 2 Atom % 

Sn 95.1 

Sb 4.9 

Gesamt 100 
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Appendix 3 

For BET 
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Appendix 4 

For MEA optimization 
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Optimization of cell performance using CB-20HT catalyst 

 

Figure 001: I-V characteristics curve of CB-20HT catalyst with 40 wt% (black), 37.5 wt%(blue) and 30 

wt%(red) ionomer on the cathode catalyst layers, Anode: TK-20 (0.3mg Pt/cm2), Cathode: supported 

catalyst 0.3mg Pt/cm2, membrane: Nafion112 (50µm), GDL: BC 29 , operating conditions: end plate 

temperature = 78°C, A.dp = C.dp = 80°C, A.stoic.=1.08, C.stoic.= 3.2, at 200kPa  
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Figure-002:  Impedance measurements at 0.016A/cm², 0.072A/cm², 0.56A/cm² and 0.96A/cm² current 

densities of the CB supported MEAs  with 30wt% (red), 37.5wt%(blue) and 40wt%(black) ionomer 
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Optimization of cell performance using ATO-20HT catalyst 

 

Table : List of MEAs prepared with ATO supported catalysts 

Sl. No MEA Name Description 

1 ATO-20HT-1 Both side ATO-20HT,  26% ionomer 

2 ATO-20HT-2 Both side ATO-20HT mixed with low surface area graphitized carbon 
support (32m2/g), 

26% ionomer  

3 ATO-20HT-3 Both side ATO-20HT mixed with low surface area graphitized carbon 
support (32m2/g), 

17% ionomer 

4 ATO-20-1 Anode 0.3mg/cm2 TK -20 (37.5% ionomer), cathode low surface area 
graphitized carbon support (32m2/g), (23% ionomer) layer  then ATO-20 

(6%ionomer) layer 
5 ATO-20-2 Anode 0.3mg/cm2 TK -20 (37.5% ionomer),  ATO-20(6%ionomer) layer 

then cathode low surface area graphitized carbon support (32m2/g), (23% 

ionomer) layer 

 

 

Figure-003: Comparative I-V characteristics curve of the MEAs with ATO supported catalysts and the 

MEA with CB supported catalysts, where Pt loadings were 0.3mg Pt/cm2  and the operating conditions 

were: end plate temperature = 76°C, A.dp = 50°C, C.dp = 69°C, A.stoic. =1.43, C.stoic. = 4.0, at 200kPa 
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Figure-004:  I-V characteristics curve of ATO-20HT catalyst with 20 wt% (red), 15 wt% (purple), 10wt% 

(blue) and 8 wt% (green) ionomer on the cathode catalyst layers,  Anode: TK-20 (0.3mg Pt/cm2), 

Cathode: supported catalyst 0.3mg Pt/cm2, membrane: Nafion112 (50µm), GDL: BC 29 , operating 

conditions: end plate temperature = 78°C, A.dp = C.dp = 80°C, A.stoic.=1.08, C.stoic.= 3.2, at 200kPa 
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Figure-005: Nyquist plot of the  MEAs with ATO-20HT with  8wt% (green), 10wt%(blue), 15wt%(purple)  

and 20wt% (red) ionomer content on the cathode catalyst layers at 0.072A/cm², 0.16A/cm², 0.32A/cm² 

and 0.56A/cm² current densities.   
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